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1 Introduction 
Nowadays, most basic organic chemicals as saturated and unsaturated hydrocar-
bons are manufactured from crude oil or natural gas. These fossil fuels will run out in 
the future. The end of the crude oil extraction will be reached in about 50 years [1] 
and for natural gas in over 100 years [2]. This information is only valid in the case of 
a moderate increase of the consumption of such fuels. Thus, new techniques are re-
quired to produce organic chemicals. One possibility could be the conversion of me-
thane and carbon dioxide. Both gases are not very reactive. The Hydrogen atoms in 
the tetrahedral structure of methane protect the molecule for reactions with other mo-
lecules at ambient temperature and pressure. Carbon dioxide is a stable product of 
the compete combustion of carbonaceous compounds. Therefore, the reactivity of 
both components has to be increased in order to convert them to other useful prod-
ucts. Thermal heating or/and the use of a catalyst [3-6] are well-known opportunities 
to convert methane and carbon dioxide, thereby, steam reforming of methane [7] is 
the most important activation process. The main products are synthesis gas, a mix-
ture of hydrogen and carbon monoxide. The following formula explains the process: 
4 2 2CH H O 3H CO     (1.1) 
A temperature of 975 to 1375 K, a nickel catalyst and high pressure (3-25 bar) are 
required to obtain the products for the reaction (1.1). 
However, igniting plasma at low temperature and atmospheric presure is an alterna-
tive route to activate methane and carbon dioxide. To this end, different plasma 
sources are mentioned in the literature [8, 9], examples are corona discharges, glid-
ing arcs, dielectric barrier discharges (DBD) and microwave discharges. Here, the 
conversion of a molecule in a plasma reactor occurs through plasma electrons. The 
molecules are ionized on the one hand or dissociated to radicals on the other hand 
while the reactive species recombine to new products. Thus, synthesis gas, saturated 
and unsaturated hydrocarbons or oxygenates are generated in the case of using me-
thane and carbon dioxide as a starting material.  
Natural gas is the main source for starting material methane which has an amount of 
up to 99% [10]. It is also generated in agriculture. Examples are rice fields during the 
plant growth and the digestion of ruminants as cows, cattle and harts. The complete 
combustion of fossil fuels as crude oil, natural gas as well as coal is a main source to 
produce carbon dioxide. 
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In summary, both gases originate mainly from fossil fuels running out in the future. 
But, why is the use of methane and carbon dioxide an alternative route to generate 
basic organic chemicals after the fossil fuels will be consumed? There are two rea-
sons:   
Firstly, both compounds are renewable, being generated in an anaerobe digestion of 
biomass. The resulting gas mixture is called bio-, landfill- or digester gas, depending 
on the starting material. Further details are discussed in section 1.1. Secondly, CO2 
as well as methane are potent greenhouse gases. Both gases leave the surface of 
the earth and attain the Earth’s atmosphere. The Earth emits IR radiation which is 
absorbed by the greenhouse gases. Thereby, the average temperature on the sur-
face of our planet increases. Due to its total amount, carbon dioxide is the main 
greenhouse gas. One third of the artificially generated CO2 is produced commercially 
in power stations generating electricity [11]. The artificial greenhouse effect will be 
reduced if the amount of these gases blowing through chimneys into the environment 
is reduced by industrial conversion, for example in a plasma reactor. Methane is the 
second important greenhouse gas, having a 25 times stronger heat trapping ability 
per molecule than carbon dioxide.  
1.1 Regenerative sources for methane and carbon dioxide 
The first sections of paragraph one give a short introduction into the topic of this the-
sis. This subsection deals with methane and carbon dioxide as a regenerative 
source. A detailed discussion about the starting material, the development, and the 
contribution for this process is given in the next paragraphs. 
 
 
Figure 1.1:   Regenerative sources for methane and carbon dioxide and its feed stock. 
 
Renewable sources as biomass, organic waste and sewage sludge are converted to 
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called biogas, sewage gas or landfill gas, depending on the process parameter. Fig-
ure 1.1 illustrates the connection of different types of gases to its basic material.  
The starting material for biogas is biomass, consisting of plants as corn, crops and 
sugar beets and often slurry [12]. A high methane production is the requirement for 
plants, thereby, corn has the best yield (340-360 l/(g of organic dry matter) [13]). In 
landfills, herbal and animalistic organic waste is converted. Byrne [14] defined waste 
as a “material, which has no direct value to the producer and so must be disposed 
of”. Urban sewage water is purified in a sewage plant. The result is clean drinking 
water and sludge. The latter one is transferred to sewage gas.  
  
Table 1.1: Distribution of the compounds in biogas, sewage gas, and landfill gas [1,15,16]. 
Compound Biogas Sewage Gas Landfill Gas 
Methane [vol. %] 50 - 75 61 – 65 40 – 60 
Carbon dioxide [vol. %] 25 – 50 36 – 38 20 – 40 
Nitrogen [vol. %] 0 – 5 0 – 2 2 – 20 
Oxygen [vol. %] 0 – 2 0 – 1 0 – 1 
Hydrogen [vol. %] 0 – 1 0 0 – 1,5 
Hydrogen Sulfide [ppm] 50 – 6000 10 - 80 20 – 200 
Ammonia [vol. %] 0 - 1 0 0 
 
In general, the processes to receive a mixture of methane and carbon dioxide are 
nearly the same. The anaerobic digestion occurs in the absence of air and is typically 
carried out over a period of a few weeks [1]. Four steps [13] are required to transfer 





Different kinds of bacteria break the organic macromolecules as polysaccharides, 
proteins and lipids to mainly methane and carbon dioxide. Other products in a lower 
concentration are nitrogen, oxygen, hydrogen, water vapor, hydrogen sulfide, and 
ammonia. This typical product distribution is shown in Table 1.1. 
All of these gas mixtures are mainly applied in order to produce electricity and heat. It 
would be best to use only sewage and landfill gas, but no biogas because the latter is 
generated from plants which are needed as a food source while the former two are 
produced from waste. 
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Methane and carbon dioxide originating from biomass, sludge, and waste will be re-
ferred to as biogas in the following for simplicity seasons. 
1.2 State of the research, scope of work and target of this thesis 
Different sources of biogas have been discussed in the previous subsection. This 
part will focus on the use of simulated biogas consisting only of methane and carbon 
dioxide. 
The state of the technology to use a DBD reactor for the conversion of methane and 
carbon dioxide will be summarized below.  
Intense research has been performed to convert methane and carbon dioxide inside 
a DBD reactor. The measurements occurred at atmospheric pressure, low tempera-
ture, for discharge frequencies in the range of a few Hertz, at high frequencies and at 
different velocities of the flow and different concentrations of methane and carbon 
dioxide. Thereby, synthesis gas [11,17-22] (hydrogen and carbon monoxide), hydro-
carbons [20,23-28] (especially with two carbons) and oxygenates [20,23, 24] such as 
methanol and formaldehyde have been the main products. The plasma process is 
often supported by catalysts [18-22,25]. The temperature [11,19-21,25,28] in the DBD 
reactor is measured to maintain the best operating range for the catalysts.  
In short, low flow rates and high wall temperatures of the reactor have a positive ef-
fect on the conversion of methane and carbon dioxide. Methane rich feed generates 
hydrogen and hydrocarbons in high concentrations. A carbon dioxide rich inlet flow 
has a positive effect on the yield of carbon monoxide. A catalyst consisting of palla-
dium on aluminum oxide increases the produced concentration of C2 hydrocarbons 
and hydrogen. If zeolite is used as a catalyst, the yield of hydrocarbons rises. All cat-
alysts have a negative effect on the conversion of the starting material. 
Several working groups have analyzed the influence of additives such as helium [17], 
oxygen [23,28,30,31,32] and water vapor [31,33] on the conversion of methane and 
carbon dioxide. Helium generally increases the conversion of the starting material. 
Oxygen increases, not only the conversion of methane, but also the concentration of 
oxygenates being generated in lower concentration without oxygen. Finally, additional 
water in the reaction chamber decreases the conversion of methane and raises the 
yield of carbon monoxide and hydrogen.  
In contrast to the references mentioned above ([11,17-33]), the current experiments 
are driven at radio frequency (13.56 MHz) instead of using a frequencies between a 
few hertz and some hundred kilohertz. The essential difference between the radio 
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frequency (rf) and lower frequencies is that for rf ions do not move very far during a 
half cycle and, therefore, the source of the initially formed radicals are electron colli-
sions only with neutral molecules. This different process might lead to a different 
chemistry.  
Previously work with the current rf setup was performed by Kroker [34]. In this work 
the setup was developed and characterized, and experiments at 100 mbar and at 
atmospheric pressure were carried out. Gas mixtures consisting of methane and car-
bon dioxide were converted in a DBD reactor at different plasma power, catalysts and 
temperatures with the form of the studies centered on investigating the role of cata-
lyst. Helium was used to dilute the gas mixture. Synthesis gas and ethane are the 
main products for all pressure ranges studied. The conversion of the starting material 
and the yield of the synthesis gas components at atmospheric pressure where stu-
died [35, 36]. 
One objective of this thesis is to optimize and refine the apparatus being used by 
Kroker. The main focus, however, is to investigate the influence of water and oxygen 
an as an additive on the product distribution and the improvement of the conversion 
to the inlet gas mixture. All this experiments are done under the aspect of reducing 
the amount of consumed energy. 
The current work focuses on the conversion of a simulated biogas mixture in a cylin-
drical DBD reactor at atmospheric pressure with a frequency of 13.56 MHz. The inlet 
flows are diluted with helium to 2.5%. The starting material and the product stream 
are analyzed in a Fourier transform infrared spectrometer (FTIR) and a quadrupole 
mass spectrometer (QMS).  
Three different topics are researched in this thesis: 
1) Analysis of the conversion of methane and carbon dioxide to C2 hydrocarbons 
2) Influence of water on the conversion of the starting material 
3) Impact of oxygen on the conversion of simulated biogas  
Therefore, the contribution of methane and carbon dioxide in the inlet flow is altered 
in the first part of this thesis. At different plasma power and flow rates, the conversion 
of this material is investigated. Conversion of the starting material, yield and selectivi-
ty of ethane, ethylene and ethine are herein the main focus. In parts, data were ob-
tained by Bruchmann [37], Haak [38], Schmidt [39] and Schäfer [40] for their bachelor 
theses under the author’s guidance.  
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The second and the third part of this thesis have many similarities follow a similar 
experimental strategy for the two additives water and oxygen. The influence of the 
additives (water and oxygen) on the plasma assisted conversion of methane and 
carbon dioxide is analyzed. To begin with, the concentrations of water and oxygen 
are varied.  
In the second step, the amount of the additives is fixed to 17% and the concentration 
of methane and carbon dioxide is altered. Here, product distributions as well as the 
conversion of the starting material are in the focus of intrest. A VI probe is used for 
these experiments to calculate the total consumed energy. In parts, data were ob-
tained by Wilharm [41], Song [42] and Homolya [43] for their bachelor theses under 
the author’s guidance.  
Previous work of Wang et al. [31] and Mfopara et al. [33] were performed for a differ-
ent frequency range and for selected compositions of inlet gas mixture. In this work, 
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2 Theory 
The first part of this chapter gives a short introduction about plasma chemistry and 
the special possibility to convert molecules. The second part of the theory section will 
focus on the DBD reactor being used in this research.  
2.1 Introduction to plasma 
Irving Langmuir introduced the term plasma first in 1928 [44]. Plasma is defined as a 
partly or completely ionized gas [45-49] being generated through heating up a gas to 
a few thousand Kelvin. Therefore, this condition is often named as the fourth state of 
aggregation beside solid, liquid and gaseous. The plasma state is quasi neutral be-
cause the number of electrons is equal to the number of charged particles. Neverthe-
less, the electrons and ions move in the plasma volume and form negative or positive 
charged regions on the molecular scale. An external magnetic or electric field in-
creases the volume having more ions or electrons.  
There are numerous examples for naturally occurring plasmas. The sun is a well-
known example. The surface temperature of about 6000 K is generated through nuc-
lear fusion of hydrogen atoms to helium. The matter at the surface reaches the plas-
ma state because of high temperature. Another example is lightning resulting from a 
potential difference within clouds or between clouds and the surface of the earth pro-
ducing a discharge.  
The above mentioned plasmas can be allocated to the category of a hot plasma. 
There, neutral particles, ions and electrons are in a thermal equilibrium. The ex-
change of the temperature occurs through collisions. This kind of plasma is called 
thermal, equilibrium or isothermal plasma. The opposite is a nonthermal plasma 
where the electrons and ions/neutral particles are not in a thermal equilibrium. This is 
achieved at low pressure, where the probability of a collision is lower and the mass 
difference is too large to exchange the energy effectively. Here, the temperature of 
the ions and neutral particles is several hundred Kelvin while the electrons have a 
temperature of some 10,000 K. As an advantage, a reaction with large activation 
temperature will be activated in such a plasma. Fluorescent tubes, plasma TV sets, 
and modification of surfaces are examples for applications at low temperatures.   
A plasma is characterized by the degree of ionization X as the following equation 
shows: 
Theory 





    (2.1) 
ne  ….. number density of electrons [1/m3] 
n0  ….. number density of neutrals [1/m3] 
 
A thermal plasma has a high degree of ionization; the matter is nearly complete io-
nized. A weakly ionized plasma is typical for a non-thermal plasma with an ionization 
rate of typically less than 10-2. Another important parameter is the density of the ions 
(ni) which has the same value as ne. The plasma in the DBD reactor used in this work 
is weakly ionized, with a degree of ionization of about 10-4 [50]. 
2.2 Generation of a plasma 
This section deals with the different possibilities of igniting a plasma: Collision of par-
ticles, electromagnetic radiation; or strong electric field are examples to generate 
ions beside the thermal energy already mentioned above. Common to all these 
sources is that they need to provide a certain energy to ionize a molecule or an atom 
which is called the ionization energy. The values to remove one electron range be-
tween ca. 4 eV and 25 eV [51]. Much more energy is required for a multiple ionization 
of a molecule or atom. In the experiments performed in this work, the ignition of the 
plasma occurs through controlling the current and the voltages in the DBD reactor. 
Thus, the following paragraphs focus only on electrically ignited plasma.  
An anode and a cathode are required for an electrical gas discharge. A parallel plate 
type capacitor is the easiest application. The following parameters are important to 
ignite a plasma: 
 Number of free electrons 
 Mean free path of electrons 
It is not possible to generate plasma electrically without initially present free charges. 
Therefore, at least a small part of the gas has to be ionized e.g. through natural ra-
dioactivity or cosmic radiation in the absence of plasma. If a significantly strong elec-
tronic field is applied, electrons all be accelerated in the electric field to reach the io-
nization energy of the neutral particles. 
The mean free path of the electrons is given by the following equation: 
k T
2 p
      (2.2) 
k  ..... Boltzmann constant [ 231.381 10 J / K ] 
T …..  Temperature [K] 
σ  …..  Collision cross section [m2] 
p  …..  Pressure [Pa] 
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Equation (2.2) displays the average distance travelled by an electron between two 
collisions. The electron is accelerated over this distance if a voltage is applied. In or-
der to ignite a plasma, the mean free path has to be long enough for the kinetic ener-
gy of the electron to reach the ionization energy of the molecules and atoms. The 
ignition of the plasma is controllable by increasing the applied voltage until the elec-
tric field is high enough to generate secondary electrons after a collision of a primary 
electron with a particle.  
The voltage / current characteristic of a discharge and the coresponding circuit dia-
gram are shown in Figure 2.1. This graph is divided into three parts: the dark, glow 
and arc discharge. The circuit diagram for all processes is shown on the top right. It 
consists of an external voltage source, the plasma, a resistance, and devices to 
measure the current and the voltage across the plasma zone.  
 
 
Figure 2.1:  Voltage-current characteristic of the DC low pressure electrical discharge and the cor-
responding circuit diagram (top right) [52] (A: background ionization, B: saturation re-
gime, C: begin of the Townsend regime, D: corona discharge, E: electrical breakdown, 
F – G: normal glow discharge, G – H: abnormal discharge, H – I: glow to arc transition, I 
– J: non thermal arcs, I – K: thermal arcs). 
 
The dark discharge is invisible to the eye and is divided into the background ioniza-
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mer are produced through background ionization due to cosmic rays, e.g. these car-
riers are in equilibrium of ionization and recombination reactions. The charged par-
ticles are accelerated to the oppositely charged electrode after a voltage is applied 
because of the electric field. Therefore, not all ions and electrons can recombine to 
form the neutral particles resulting in an increase of the voltage between the plasma 
electrodes. Simultaneously, the resulting electrons are moving towards the positive 
part of the power supply unit resulting in a measurable electron flow. After changing 
the voltage at the adjustable power-supply such that the current increases from A to 
C, the potential difference between the plasma electrodes increases, because the 
resistance in the plasma area increases.  
After reaching point C, the current approaches a limit. At this stage, the electric field 
becomes high enough to accelerate the free electrons to an energy being longer than 
the ionization energy of the particles. Now, secondary electrons are created before 
the primary electrons reach the anode, and the resistance in the plasma area de-
creases. In contrast to the ionization, the recombination process is dominated in the 
region C  E. Therefore, this part is called the dependent discharge in the Townsend 
regime. The secondary electrons are accelerated in the electric field. If the mean free 
path is long enough, the electrons can ionize other particles. The electrons are proli-
ferated similar to avalanche. In point E, the voltages is high enough to generate 
many electrons to ignite the plasma. The voltage at that point is called ignition vol-
tage.  
Between E and H the plasma is in the glow discharge region, where the DBD reactor 
used in this work operates. The plasma is luminous there and the number of elec-
trons proliferates now like an avalanche. The electron number density and energy are 
high enough to excite molecules and atoms in the visible region. This region is well-
known in everyday live. Examples are plasma TVs, the yellow light of the street lights 
(sodium vapor lamp) and fluorescent tubes in different colors. The voltage decreases 
after igniting plasma at point E and increasing the current because the resistance in 
the plasma zone decreases. Thereafter, the voltage is over several orders of magni-
tude independent of the current. At point G, the normal discharges change over to 
the abnormal glow discharge and the potential difference between the plasma elec-
trodes increases again. The electrodes are heated up through the continuous bom-
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As shown in Figure 2.2, all gases have a characteristic minimum for the ionization 
voltage. The curves rise continuously on both sides of the minimum.  
The slopes on the left side of the maximum are explainable with the reduced gas 
pressure. Thus, the mean free path of an electron increases and the number of colli-
sion decreases. As a result, the energy of the electrons is high enough to ionize the 
particles but an electron particle collision has a lower probability. A higher voltage is 
required to ignite the plasma. The ignition is not possible for too low values of p d .  
The contrary is observed on the right side of the Paschen minimum in comparison to 
the left side. Here, the particle density is very large, therefore, the number of collision 
increases and the free mean path decreases. The electrons cannot reach the re-
quired ionization energy. The deficit in energy is balanced by increasing the electric 
field to higher values.  
In summary, secondary electrons being generated through primary electrons are the 
source for generating plasma. They are produced through a collision of a neutral par-
ticle with primary electron. The electrons receive their energy through electric fields. A 
gas with low ionization energy will be ionized at lower electric fields than a particle 
with higher ionization energy. As a result, the ignition voltage is lower for the former 
than for the latter. Helium has a lower Paschen minimum in comparison to methane 
and carbon dioxide, because its cross section is lower, resulting in a larger mean free 
path of the electrons. For easier ignition of the plasma, the inlet flow of our experi-
ment is therefore diluted with helium.  
2.4 Dielectric Barrier Discharge 
The plasma assisted conversion of methane and carbon dioxide to other useful 
chemicals is the subject of this dissertation. Here, initiating a non thermal plasma and 
the avoidance of arcs are two important requirements. There are different ways for 
igniting of the plasma. Tao et al.[8] analyzed the advantages and disadvantages of 
common plasma sources in their review article. Corona discharge, dielectric barrier 
discharge, microwave discharge, atmospheric pressure discharge and the gliding arc 
are listed there. He found that the first two are non uniform plasma sources with low 
electron density. The uniform microwave discharge needs to complicated and expen-
sive equipment for industrial applications. The last two are difficult to enlarge.  
In this work, a DBD reactor was used to convert the starting material. On the one 
hand, a wide range of the electron energy (1 – 10 eV) by avoiding the formation of 
sparks and arcs and the electron density of 1014 – 1015 cm-3 are advantages of this 
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technique. Its flexibility with respect to geometrical configuration, operating medium 
and operating parameters is unprecedented as well as a scale up to large industrial 
installations and the low cost for power supplies [55]. On the other hand, inhomoge-
neous discharge space resulting in a limited reaction region and a low energy effi-
ciency are the disadvantages.  
A dielectric barrier discharge (DBD) is also known as silent discharge or barrier dis-
charge. Siemens [56] reported the first experimental investigations in 1857. He de-
veloped a process to generate ozone from oxygen or air in a DBD reactor. The novel 
feature of Siemens discharge apparatus is the fact that electrodes were positioned 
outside the chamber and came not in contact with the plasma [57].  
 
 
Figure 2.3:  Configuration of dielectric barrier discharges [48].  
 
At least one electrode is covered with a dielectric in a DBD. Common dielectric mate-
rials are glass, enamel, ceramic, silica glasses, plastic and Teflon. Therefore, alter-
nating voltages are required to operate a DBD reactor. Thus, the electric field in the 
discharge gap has to be high enough to cause a breakdown. Typical electrode confi-
gurations are shown in Figure 2.3. The electrodes and dielectrics can be arranged in 
a planar or cylindrical configuration. Generally, one electrode is grounded while the 
other electrode is supplied with an alternating current.  
A cylindrical design is used in the experimental setup used in this work. The outer 
ground electrode is covered with Duran glass. There are numerous industrial applica-
tions [57] for such a plasma source. Surface treatment of plastic foils and other poly-
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mer material, CO2 Lasers, ultraviolet excimer lamps and plasma display panels are 
examples for DBDs beside the generations of ozone.  
Micro filaments are formed in the discharge zone of a DBD reactor, thereby, the 
plasma is not homogenous. The ionization rate is low outside the filaments. Figure 
2.4 illustrates the development of the plasma in one filament. The process is divided 
into three parts: 
(1) Triggered avalanche  
(2) Creation of a microfilament and an electron cluster 
(3) Termination of discharge 
 
Figure 2.4:  Development and processing of a dielectric barrier discharge, (1) triggered avalanche, 
(2) creation of a micro filament and an electron cluster, (3) termination of discharge.  
 
Free electrons are required to start a triggered avalanche. They are generated by 
cosmic radiation and natural radioactivity. Thus, the electrons get accelerated after 
applying a high voltage to reach at least the ionization energy of the inlet gas. As a 
result, the primary electron detaches another electron after a collision with a neutral 
particle. Both electrons are then accelerated and repeat this ionization process 
another time to generate two more electrons. This process continues so that the 
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lanche in which the number of electrons doubles with each generation of ionizing col-
lisions [58]. 
In comparison to the electrons, the ions are less mobile, therefore, the former form a 
cluster. The electron swarm moves to the anode leaving the slower ions, and excited 
active species behind that can induce further chemical reactions. The micro filament 
is formed at that stage.  
 
Table 2.1:  Characteristic micro discharge properties [55]. 
duration 1-10 ns 
filament radius about 0.1 mm 
peak current 0.1 A 
Current density 100 – 1000 A/cm2
total charge 0.1 – 1 nC 
electron density 1014 – 1015 cm-3
electron energy 1 – 10 eV 
gas temperature A few hundred Kelvin
 
Table 2.2:  Ionization and dissociation processes for the experiment performed in this work. 
Process Reaction Energy [59],[60] 
Ionization e
4 4CH CH e
      12.6 eV 
Ionization e
2 2CO CO e
     13.7 eV 
Ionization e
2 2O O e
     12.1 eV 
Ionization e
2 2H O H O e
     12.6 eV 
Dissociation e
4 3CH CH H
   4.5 eV 
Dissociation e
2CO CO O
   5.5 eV 
Dissociation e
2O O O
   5.2 eV 
Dissociation e
2H O OH H
   5.2 eV 
 
In the next step, an electron cluster spreads out over the whole surface of the dielec-
tric after reaching the electrode. The positive charge of the anode gets counterba-
lanced through the surface layer of electrons. The combination of surface electrons 
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with slower electrons being left behind reduces the electric field in the micro filament 
and terminates the discharge in this area for some tens of nanoseconds.  
Those filaments have a diameter of a few ten to a few hundred micrometers. At the 
point, where their roots contact the dielectric surface pitting or pinholing of a work-
piece can be the consequences [58]. The creations of filaments are improved through 
dust, irregularities in thickness, or abrasiveness on the surface of the dielectric. Typi-
cal values of a micro discharge are shown in Table 2.1 
Two competing processes occur in the DBD reactor. The neutral particles are either 
ionized or dissociated in the discharge region through energy rich electrons. The lat-
ter process requires lower energy than the former ant therefore a higher probability 
because the free plasma electrons are accelerated only to a maximum of 10 eV. 
Higher energies are required to ionize methane, carbon dioxide, oxygen or hydrogen 
which are the reactants used in the current project. Therefore, products are mainly 
formed through reactions where radicals are involved. Table 2.2 summarizes the pri-
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3 Experimental Setup 
The experimental setup is divided into two parts, the processing and the analysis 
part, as shown in Figure 3.1. The former operates at atmospheric pressure and con-
sists of a cubic reaction chamber and the DBD reactor. A Fourier transform infrared 
spectrometer (FTIR) and a quadrupole mass spectrometer (QMS) are used in the 
latter one. All components of the experimental setup will be described in detail in the 























Figure 3.1:  Schematic setup of the current experiment; QMS: quadrupole mass spectrometer; 
FTIR: Fourier transform infrared spectrometer; VI: VI probe; M.N.: matching network; 
R.F.: radio frequency generator; X: oxygen, helium/water or unused; 1, 4: valves; 2,3: 
precision valves;     electrical feed in;  gas flow. 
3.1 Gas supply 
Four mass flow controllers (MKS Instruments Germany) with different control ranges 
are used to adjust the gas mixture. Two of them are used to regulate the flow of me-
thane and carbon dioxide. This gas mixture is diluted with helium (third mass flow 
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of biogas components. Thus, the ignition of plasma occurs at a lower plasma power 
because of the high energy levels of helium whereby there is no dissipation of ener-
gy. The additives water and oxygen are introduced by the last mass flow controller for 
the measurements with water at vapor pressure is used by bubbling helium through a 
tank of water. The cylindrical water tank has a height of 145 mm and an inner diame-
ter of 70 mm, where half of the overall volume of ≈560 ml is filled with distilled water. 
The concentration of water in the reactor is dependent on the helium pressure and 
the water temperature. The water amount in the gas mixture is adjusted by changing 
the flow rate of the third and the fourth mass flow controller. 
A multi gas controller (MKS, type: 647B) is used to adjust the four mass flow control-
ler at a total flow rate of 200 sccm. Thus, different compositions of methane, carbon 
dioxide and additives are obtained.  




Figure 3.2:  The DBD reactor.  
 
All gases are mixed before they reach the bottom of the cubic reaction chamber hav-
ing a dimension of 10 cm. The chamber is made of stainless steel. One side is cov-
ered with Plexiglas to monitor the process and the bottom is made from brass. Two 
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current feed throughs are integrated in one side wall and save to ignite the plasma. 
Another side wall has a vacuum part to evacuate the chamber (see section 3.4). 
The DBD reactor is the centerpiece of the apparatus used in this work. The reactor is 
shown in Figure 3.2 and consists of a 140 mm long Duran glass tube with an outer 
diameter of 8 mm and an inner diameter of 5.9 mm. Therefore, the dielectric has a 
thickness of 1.05 mm. To ignite the plasma, the reactor is covered over a length of 
50 mm on the outer side with conductive silver varnish to create the grounded elec-
trode. A slit of around 1 mm is left free over the whole length to monitor the plasma 
inside the reactor. A 3 mm thick welding rod is used as the inner electrode being cen-
tered on the bottom with glass wool and on the top with two glass frits which have a 
hole in the middle. The glass tube was widened on the top over a length of about 
20 mm to the diameter of 13.2 mm to fix the frits. 
A high frequency generator (ENI ACG-6B) is used to generate the plasma at a fre-
quency of 13.56 MHz. The power can be adjusted from 1 W to a maximum of 600 W 
in steps of 1 W. A matching network (ENI MW 10D) with control unit (ENI RFC 5M) is 
applied to minimize the reflection from load and to maximize the power transfer. Ref-
lections originate from impedance mismatch. The network device is a tunable elec-
trical oscillating circuit consisting of an inductor and two adjustable capacitors. During 
the measurement, the total impedance is adjusted to the required 50 Ω. 
Between the reactor and the generator unit an Octiv Single Frequency VI Probe (Im-
pedans) is located to measure voltage, current and the phase between them. This 
device has an accuracy for the voltage of ±0.25 V, for the current of ±5.0 mA, and for 
the phase of ±0.01°. The measured data are transferred to a computer and analyzed 
by the Octiv Meter software calculating the power and impedance.  
The DBD reactor is located vertically in the reaction chamber. A hole is drilled in the 
bottom to fix the reactor and to introduce the starting material. The reactor is covered 
with Teflon band at the bottom to convey the complete gas stream through the DBD 
reactor. The top of the reaction chamber is expanded with a reducing flange and is 
covered with Teflon to locate the DBD reactor and to prevent plasma outside the 
reactor. 
Mainly reactive radicals and some cations are created after igniting the plasma. 
These reactive particles recombine to molecules with lower energy after a collision 
among themselves or with the neutral particles. The process occurs in the plasma 
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zone or the afterglow region. The inlet flow and the product stream leave the reaction 
chamber on the top through valve 1 in Figure 3.1. 
All parts of the apparatus are wrapped with a heating wire to prevent the condensa-
tion of the liquid components. To this end, the temperature is adjusted to 80°C.  
3.3 Analysis range 
The previous two subsections have dealt with the description of devices to convert 
the starting material. This paragraph focuses on the analysis of the inlet and the 
product stream. A short part of the gas stream is sidelined through the precision 
valve 2 (of Figure 3.1) in the analysis region. All IR active substances are analyzed in 
a FTIR spectrometer and molecules having no characteristic IR peak or being IR in-
active are researched in the QMS. Both devices are discussed in detail in the follow-
ing subsections.  
3.3.1 FTIR spectrometer 
An Equinox 55 FTIR spectrometer (Bruker) supported by a long pass cell according 
to White was used to analyze all IR active species at a total pressure of 100 mbar. 
The IR beam is coupled into the cell by 90° prism. Inside the cell, the beam is reflect-
ed back and forth up to 30 times through two mirrors. Afterwards, the beam leaves 
the cell and is redirected back to the original direction through another 90° prism. The 
number of reflection in the cell and therefore the optical path of the beam in the cell is 
adjustable by three adjustment screws on the bottom of the cell and another one on 
the top of the cell. The distance of the two mirrors is 20 cm, therefore the beam path 
in the cell is at maximum 6 m. The intensity loss of the IR beam after every reflection 
is a general disadvantage of the White cell, but this is unimportant for the conducted 
experiments as it can be compensated for by increasing the power of the beam. 
A Globar consisting of silicon carbide is used for all experiments as a radiation 
source. This source radiates between 7500 and 100 cm-1. The transmitted radiation 
after the interaction with a sample is detected with a MCT (mercury cadmium tellu-
ride) detector which has a sensitivity range between 420 and 12000 cm-1. Liquid ni-
trogen is used to cool down the detector. All windows and the beam splitter consist of 
potassium bromide.  
In the performed experiments, the resolution of the detector was adjusted to 0.5 cm-1. 
Every measurement is accumulated over 16 scans between 500 and 5000 cm-1. The 
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forward backward method has been applied to collect data. The software Opus (ver-
sion 3.1) was used to control the spectrometer. 
The FTIR spectrometer has for ethene and ethine a detection limit of about 5 ppm for 
all gases relevant in this process[34]. The values have been confirmed during this 
thesis. Since the concentration of the products and the starting material is at least a 
few hundred ppm, the signal to noise ratio is generally quite large. 
3.3.2 QMS 
Molecules and atoms heaving no characteristic IR peak or being IR inactive are re-
searched in the QMS (QME 200, Pfeiffer Vacuum). Since a QMS operates at a very 
low pressure of 10-5 mbar, therefore, a precision valve is used to introduce only a 
very small part of the stream into the QMS.  
All molecules and atoms reaching the quadrupole mass spectrometer are ionized 
and fragmented through energy rich electrons; this process is called electron impact 
ionization. The resulting ions are focused with lenses to the quadrupole where they 
are filtered by the mass to charge ratio (m/z). The filtered ions reach a Faraday de-
tector and get neutralized by electrons. The resulting voltage drop at the detector is 
measured, collected and analyzed by the software Quadstar 422 (Balzer).  
The data are recorded between 1 and 90 amu. Every mass is collected for two 
seconds. The detection limit of this device has been determined in former studies [34] 
to 3 ppm. Since this value is also much lower than the concentration of every com-
pound being used or generated during the experiments, QMS detection is an appro-
priate method for the detection of IR inactive species. 
The QMS is utilized to determine the conversion of the starting material (methane, 
carbon dioxide and oxygen) and the yield of hydrogen and ethane.  
3.4 Generation of the vacuum 
The whole experimental setup is evacuated by a dry scroll vacuum pump (XDS 10, 
BOC Edwards). Therefore, precision valve 3 and ball valve 4 are opened while the 
valves 1 and 2 are closed. The required pressure of 100 mbar in the analysis region 
is adjusted by the valves 2 and 3 (Figure 3.1). 
The pressure of 10-7 and 10-4 mbar in the QMS is adjusted by a precision valve and a 
turbo pumping station (Hi Cube 80 Eco, Pfeiffer Vacuum) consisting of turbo molecu-
lar pump (TPS 110) and a membrane backing pump (MVP 015-2). 
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Three pressure gauges are used to measure the pressure in every part of the expe-
riments. The pressure in the analysis and the working region is measured by two 
compact pirani gauges (Pfeiffer) and a compact full range gauge is used in the QMS. 
The pressure is displayed on a digital pressure gauge (Pfeiffer). 
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4 Performance of the experiments 
The experimental setup has described in detail in the last section. This paragraph will 
give an overview of the performance of the experiments; the details are explained in 
Section 8, 9 and 10. All experiments have been repeated three times in order to 
access their reproducibility. 
The whole apparatus is evacuated with the dry scroll vacuum pump before starting 
any experiments. Two different kinds of experiments are performed: 
a) Changing the plasma power  
b) Changing the concentration of the additives 
Both experiments are explained in detail in the following. 
4.1 Different plasma power 
Initially, the whole apparatus is flushed with helium to collect a background spectrum. 
The reactor is filled up with helium to atmospheric pressure and valve 1 (at Figure 
3.1)is opened in the first step. Then, valve 2 is opened until the pressure reaches 
6 mbar in the analysis region. Then, the pressure is increased to a value between 95 
and 99 mbar by closing valve 3. After collecting the background sample, the gas flow 
is changed from pure helium to a mixture of methane, carbon dioxide, additives and 
helium as a buffer gas. The concentration of CH4 was altered between 1.25% and 
2.50%, 0% to 1.25% CO2 was added and the amount of water or oxygen was fixed to 
0.5%. The missing part to 100% was filled up with helium. For the measurement 
without an additive, the missing 0.5% is also filled up with helium. Two IR spectra of 
the inlet flow are measured after 15 and 18 minutes. Mass spectra are collected con-
tinuously. 3 min are required to collect one spectrum; therefore, the delay time is a 
multiple of 3 min. 
The plasma is ignited to 30 W in the next step and two IR spectra are collected after 
9 and 12 min. This time is required to reach the chemical equilibrium. After the 
second IR spectra had been recorded, the power was increased by 5 W and after 9 
and 12 min, two spectra are collected. This procedure was continued until the power 
of 70 W had been reached.  
4.2 Different concentration of the additives 
The proceedings for this experiment are nearly the same as discussed in section 4.1. 
Here, the concentration of the additives was altered instead of the power. 
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The gas flow without an additive is adjusted after collecting the background spec-
trum. The inlet flow consisted of 2.5% methane and 97.5% helium for the measure-
ment with oxygen as an additive and 2% methane, 0.5% carbon dioxide and 97.5% 
helium is used for the research with water. After 15 and 18 minutes, two IR spectra 
are collected and the plasma is ignited at 35 W (oxygen) or 60 W (water). After reach-
ing chemical equilibrium (nine to twelve minutes), two IR spectra are recorded and 
the flow of the additives is turned on. The flow rate of helium is reduced to maintain a 
total flow speed of 200 sccm. Two more spectra are recorded 9 and 12 min after tak-
ing the previous two IR spectra. The concentration of the additives is increased and 
that of helium decreased. The procedure is stopped if the water concentration 
reached 0.7% or the oxygen amount achieved 1%. The former one is limited by the 
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5 Qualitative Analysis 
 
Figure 5.1:  Spectra of the inlet flow consisting of 2% methane, 0.5% carbon dioxide, 0.5% oxygen 
and 97% helium and after igniting 70 W plasma. 
 
The inlet flow and the product stream have to be analyzed qualitatively before dis-
cussing the conversion of the starting material and the yield of the products. This sec-
tion deals with the qualitative analysis of the inlet and the product stream.  
Figure 5.1 displays the IR spectra without plasma (light gray) and after igniting a 
70 W plasma (black). The inlet flow consists of 2% methane, 0.5% carbon dioxide, 
0.5% oxygen and 97% helium. The gray spectrum shows three characteristic peaks 
of the inlet flow. The C-H valence stretch vibration of methane is located at around 
3000 cm-1. Methane has at 1315 cm-1 the triple degenerated bending mode. The P 
and R branches of the asymmetric stretch of carbon dioxide are located between 
2395 and 2240 cm-1. 
After igniting the plasma, the transmission values of the starting material increase 
which is evidence of the conversion of these molecules. Four products are identified 
unequivocally with the help of the black spectra. The vibration rotational structure of 
carbon monoxide is shown between 2238 and 2020 wave numbers. The C-O stretch 
vibration of methanol (≈1033 cm-1), the out of plane stretch vibration for ethene 
(≈949 cm-1) and the bending mode of ethine (≈729 cm-1) are clearly identified.  
Water (2000 - 1400 cm-1) is a product if oxygen has been added. For that reason, the 
peak for formaldehyde at ≈1745 cm-1 is not discernable in this spectrum because it 
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overlaps with water. There is only a single peak belonging to formaldehyde, if the 
spectrum is scaled up. 
IR peaks characteristic for only one component are required to calculate the conver-
sion of the starting material and the yield of the products. On the contrary, the cross 
sensitivity has to be small, which is the case for the previously discussed compo-
nents. The C-H valence stretch between 3050 and 2850 cm-1 has a high cross sensi-
tivity of all hydrocarbons [34]. For this reason, it is not possible to analyze ethane 
quantitatively via IR spectroscopy. 
 
 
Figure 5.2:  QMS differential spectra after igniting a 70 W plasma. The black peaks show the pro-
duced compounds and the gray peaks display the conversion of the starting material. 
The flow consisted of 2% methane, 0.5% carbon dioxide, 0.5% oxygen and 97% helium 
The peaks at m/z=2, 15 and 16 are cut off for clearness reasons.   
 
A differential spectrum which is recorded in the mass spectrometer is shown in Figure 
5.2. Two raw spectra are required to obtain the displayed differential spectrum. The 
first one is collected from the inlet flow consisting of 2% methane, 0.5% carbon dio-
xide, 0.5% oxygen and 97% helium and the second one is recorded after igniting the 
70 W plasma.  
Hydrogen (m/z=2) and ethane (m/z=30) are exactly identified products via mass 
spectroscopy. The conversion of the starting material is also calculated with the data 
from the mass spectra. All other products are identified via mass spectroscopy. Every 
compound is ionized and fragmented in the spectrometer. Hence, the intensity of one 
peak is often the sum of the intensity of multiple components. The peak at m/z=28 is 
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used to explain the overlap in detail. This peak is generated from carbon dioxide 
(CO+), carbon monoxide (CO+), ethane ( 2 4C H
  ) or ethene ( 2 4C H  ). Therefore, no 
quantitative calculations are possible for these compounds at m/z=28.  
 
Table 5.1:  Distribution of higher hydrocarbons. The inlet flow consisted of 2.5% methane and 
97.5% helium and the power was adjusted to 70 W. The values are transferred as they 
are listed by the “Fraunhofer Institut für Holzforschung in Braunschweig”. No experi-





Propane 26.004 iso-Hexane 7.819 
1,2-Propadiene 6.789 iso-Hexene 41.780 
Butane 9.766 2-Methylpentane 16.127 
iso-Butene 11.117 Methylcyclopentane 3.878 
iso-Pentene 9.801 iso-Heptane 20.653 
iso-Pentane 42.496 Benzene 3.886 
n-Pentane + Pentene 48.654 2-Methylhexane 4.118 
iso-Hexene 8.277 2-Methylhexane 5.599 
Dimethylcyclopropane 22.175 iso-Heptene 10.009 
iso-Hexene 17.145 Toluene 4.201 
 
Figure 5.2 shows peaks between m/z=39 to m/z=43 which are characteristic for the 
fragment 3 xC H
  being formed from all higher hydrocarbons. These hydrocarbons are 
neither detectable by IR nor by mass spectroscopy. For this reason, the product 
stream consisting of 2.5% methane and 97.5% helium was analyzed at the “Fraunho-
fer Institut für Holzforschung in Braunschweig” via gas chromatography. The results 
are summarized in Table 5.1. The used DBD reactor generates also higher hydrocar-
bons with three to seven carbons beside the exact identified products. The main 
products having three and more carbons are iso-pentane, n-pentane, pentene, and 
iso-hexane. 
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6 Calibration of the FTIR Spectrometer and the QMS 
Both devices used for analysis have to be calibrated with the particular substances to 
calculate the yield and selectivity of the products and the conversion of starting ma-
terial. The procedure and the results for the calibration process are shown in the fol-
lowing section.  
6.1 Gaseous substances 
The whole apparatus is filled up with helium in the same way as described in section 
4 “performance of the experiment”, and a background spectrum is collected for cali-
bration of the FTIR spectrometer. Then the flow of the substance under investigation 
is turned on. Two IR spectra or ten mass spectra are collected after reaching the 
chemical equilibrium conditions. In the next step, the concentration of the substance 
is increased. The range of calibration concentrations is chosen such that it complete-
ly covers the concentrations of the experimentally measured amounts.  
 
  
Figure 6.1:  Graphs for the calibration of the analysis devices (left: FTIR with CO; right: QMS with H2). 
 
Transmission values as a function of the amount of carbon monoxide are plotted on 
the left of Figure 6.1. The measured data points are fitted to the following equation: 
C
BT Y Ae
     (6.1) 
T  ….. transmission 
C ….. concentration [%] 
Y, A, B  ….. constant 
This function originates from the Lambert-Beer law being given by equation 6.2. 
Theoretically, the constant Y should be zero and A should have a value of one after 
comparison of equation 6.1 and 6.2. This is not the case for the performed experi-
ments because the resolution (0.5 cm-1) of the IR spectrometer is insufficient to re-
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solve the measured lines. Thus, part of the IR light always reaches the detector re-





      (6.2) 
T  ….. transmission 
I ….. intensity of the transmitted light [ 2W / m ]  
I0 ….. intensity of the incident light [
2J / (s m ) ] 
 ….. molar absorption coefficient [ l / (mol cm) ] 
C ….. concentration [mol/l] 
d ….. path length [cm] 
For background correction, the reference is chosen at 2417.33 cm-1. At this wave 
number, the background noises are very low and the identified substances have no 
characteristic peak there. 
There is a linear relationship between the intensity of the peaks and the concentra-
tion for the calibration of the QMS spectrometer as shown on the right in Figure 6.1. 
All molecules which are introduced to the spectrometer are ionized by energy rich 
electrons. The set of data is fitted using the following equation: 
QMSI mC n    (6.3)  
IQMS  ….. intensity of the peak 
C ….. concentration [%] 
m, n  ….. constant 
The average mean values over all calibration are shown by the error bars in Figure 
6.1 which displays a good reproducibility of the measurements. All the other calibra-
tions have nearly the same values for the errors.    
 
Table 6.1:  Summary of the calibration of the FTIR spectrometer. 
Substance Wave number 
[cm-1] 
Y ΔY A ΔA B [1/%] ΔB [1/%] R2 
Carbon monoxide 2165.4 0.568 0.011 0.353 0.009 0.585 0.038 0.999
Formaldehyde 1745.7 0.723 0.019 0.255 0.015 278,3 46.6 0.993
Methanol 1033.4 0.781 0.037 0.235 0.030 116.6 35.0 0.989
Ethene 949.5 0.745 0.018 0.384 0.041 0.007 0.002 0.973
Ethine 729.4 0.169 0.016 1.105 0.011 0.0103 0.0005 0.999
 
The results for the calibration of the FTIR spectrometer and the QMS are summa-
rized in Tables 6.1 and 6.2.  
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Table 6.2:  Summary of the calibration of the QMS. 
Substance m/z m [1/%] Δm [1/%] n [%] Δn [%] R2 
Hydrogen 2 1.94E-10 1.26E-12 6.86E-12 2.77E-13 0.999
Methane 14 6.42E-11 1.18E-12 -1.25E-14 3.03E-14 0.999
Ethane 30 1.66E-11 1.66E-13 -9.60E-14 2.03E-14 0.999
Oxygen 32 4.25E-11 5.08E-13 -5.25E-12 2.32E-13 0.999
Carbon dioxide 44 6.34E-11 3.81E-13 -5.43E-13 1.72E-13 0.999
 
6.2 Methanol and formaldehyde 
 
 
Figure 6.2:  Schematic setup to calibrate the FTIR spectrometer with methane and formaldehyde. 
 
The FTIR spectrometer is calibrated with methanol and formaldehyde by the setup 
shown in Figure 6.2. The whole apparatus is evacuated and flushed with helium to 
collect a background spectrum at the beginning. After that the apparatus is eva-
cuated. In the next step, valve 1 and 2 are closed and the pressure in the tee is in-
creased to atmospheric pressure by opening the needle valve 3. Shortly after that, 
the liquid sample is injected by a Hamilton syringe through a septum. Both liquids are 












Calibration of the FTIR Spectrometer and the QMS 
 
- 31 - 
luted with acetone to 1:99 and the 36.5% solution of formaldehyde in water and me-
thanol as a stabilizer is diluted to 2:23 with methanol. Between 0.5 and 5 µl of the 
diluted sample is injected and valve 2 is opened to introduce the liquids in the long 
pass cell. To accelerate the process, the whole apparatus is heated up to 60 °C 
through a heating wire. Before measuring the IR spectra, the pressure in the appara-
tus is adjusted with helium to 100 mbar. 
The concentration of methanol and formaldehyde in the cell is calculated by the ideal 
gas law. The required volume of the cell is 2.2 l which has been determined in pre-
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8 Conversion of biogas like mixtures to C2 hydrocarbon in 
a plug flow reactor supported by a DBD at atmospheric 
pressure 
 
Torsten Kolb, Thorsten Kroker, Karl-Heinz Gericke  
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Braunschweig, 38106, Germany 
ABSTRACT 
The conversion of biogas like mixtures of methane and carbon dioxide 
was studied in a plug flow reactor with a dielectric barrier discharge. A 
13.56 MHz power supply generated the atmospheric plasma discharge. 
Studied concentration of methane ranged from 0 to 100%, with missing 
part filled up with carbon dioxide. This mixture was diluted with helium 
to 2.5% with small part of the product stream monitored online at a total 
pressure of 100 mbar by a Fourier transform infrared spectrometer sup-
ported by a White-cell and a quadrupole mass spectrometer. The reac-
tor was driven at different flow rates. This DBD reactor produces all 
three hydrocarbons, with ethane being the major compound. The con-
centration of ethane increases when the power in the plasma region in-
creases from 30 to 65 W. This product concentration also grows up, if 
the fraction of methane in the inlet flow is increased. The highest 
amount of ethane (5.4%) is produced, when the gas stream consist of 
2.5% Methane and 97.5% helium at a flow rate of 200 sccm.  
 
KEYWORDS: DBD, Biogas, Ethane, C2 hydrocarbons, Atmospheric pressure 
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8.1 Introduction  
C2 hydrocarbons (ethane, ethene and ethine) are important basic chemicals, espe-
cially the unsaturated one. Thermal cracking to ethene is an important range of appli-
cation for ethane. This compound is also used as a fuel gas. Ethene is the starting 
material for industrial manufacturing of Ethanol or for the production of plastics like 
polyethylene [1]. Organic syntheses are the main application area of ethine. This 
compound is often used to prepare base material for most plastics.  
The starting point for industrial manufacturing of ethane, ethene and ethine is natural 
gas or crude oil. New technologies are needed to prepare C2 hydrocarbon. One way 
is to convert a mixture of Methane and Carbon dioxide in a dielectric barrier dis-
charge (DBD). The advantage for such type of plasma is the potential to activate 
thermodynamically unfavorable reactions through energy rich plasma electrons. In a 
DBD is the entire electrode area effectively used for generating the discharge. [2]  
Intense research with DBDs have been done in the last years to convert methane 
and carbon dioxide to other useful chemicals like synthesis gas [3], [4], hydrocarbons 
[5], [6] or oxygenated hydrocarbons [7], [8]. Different techniques have been used. T. 
Kroker et al. [9] analyzed the produced amount of formaldehyde in a DBD reactor at 
a 100 mbar. The highest quantity of this product (1.25%) has been observed at low 
investigated plasma power (ca. 25 W). A Palladium catalyst increases the yield of 
formaldehyde at higher plasma power from 0.9% (without a catalyst) to 1.05%. 
There are many sources for the starting material which is used in this process. Mix-
tures of methane and carbon dioxide are for example known as biogas or landfill gas. 
Biogas is independent from natural gas, because animal and vegeTable materials are 
used for this process, i.e. corn, sugar beets, grain or slaughterhouse waste. These 
materials are manly transformed in an anaerobe microbial mineralization to methane 
and carbon dioxide. The biogas composition can be actuated by using different start-
ing materials or varying the process conduct.  
This work focuses on the conversion of methane and carbon dioxide to C2 hydrocar-
bons in a 13.56 MHz DBD reactor. The plasma power, flow rate and the mixture of 
the inlet flow have been varied. Additionally the influence of high frequencies to gen-
erate the plasma has been studied. 
8.2 Experimental procedure 
The schematic setup of the current experiment is shown in Figure 8.1. This setup can 
be divided into two parts. The first part is the area of operation which works at am-
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bient pressure. The reaction chamber with the DBD reactor is there located. The gas 
stream is analyzed by fourier transform infrared spectrometer (FTIR) at a pressure of 
100 mbar in the analysis domain and by a quadrupole mass spectrometer (QMS).  
The gas flow for this experiment consists of methane and carbon dioxide. Helium 
was used as a carrier gas to dilute the gas mixture to 2.5%. These three components 
were adjusted by three mass flow controllers. The influence of different compositions 
of the gas mixture (0 - 2.5% methane and 0 - 2.5% carbon dioxide) and flow rates 
(200 – 800 sccm) on the product distribution were analyzed. The cylindrical Duran 
glass DBD reactor is located in a cubic reaction chamber. The reactor has a length of 
150 mm, an external diameter of 8 mm and an internal diameter of 5.8 mm. 
 
 
Figure 8.1:  Schematic setup; FTIR: fourier transform infrared spectrometer; QMS: quadrupole 
mass spectrometer;  gas flow system; dotted line: electrical interface. 
 
A 140 mm long welding rod with a diameter of 3 mm forms the inner electrode for 
igniting the plasma. This electrode is fixed on the top with two glass frits and on the 
bottom with glass wool. The reactor is covered over the length of 50 mm with a con-
ductive silver varnish to create the outer electrode. A RF-generator (ENI ACG-6B) 
and a matching network (ENI MW-10D) come in operation to generate 13.56 MHz 
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plasma at atmospheric pressure. The input power has been adjusted in 5 W steps 
between 30 and 65 W. The reactor is driven for 15 minutes until the power is in-
creased by 5 W.  
Most of the gas flow leaves the reaction chamber through valve 1. A small stream is 
sidelined by the needle valve 2 to analyze the starting material and the product distri-
bution. This occurs online at 100 mbar in the analysis domain. The pressure is rea-
lized with a XDS 10 dry scroll pump (Edwards) and valve 3. All IR active species 
have been researched in the FTIR spectrometer (Equinox 55, Bruker) in a White Cell 
with a path length of 6 meters. The resolution of this application is 0.5 cm-1. All spec-
tra consist of 16 scans (double sided, forward-backward). IR inactive or substances 
which have no characteristic IR peak were studied in the QMS (Balzer, QMS 200 
Prisma). The measuring range is between m/z = 0 (mass per charge) to m/z = 90. All 
m/z would be measured for 2 seconds. 
8.3 Results and discussion 
 
 
Figure 8.2:  Spectra of the inlet flow (7 sccm CH4, 3 sccm CO2, 390 sccm He) and the product 
stream (generator power: 65 W). 
 
In a previous work [9] we analyzed the recorded IR spectra between 500 and 
5000 cm-1. The present paper focuses on C2 hydrocarbons. Ethene (949.5  cm-1) and 
ethine (729,4 cm-1) have isolated IR peaks. They are shown in Figure 8.2. It is not 
possible to analyze ethane via IR spectroscopy, because this compound has a cha-
















 spectra without plasma
 spectra after plasma treatment
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racteristic peak around 3000 cm-1. All hydrocarbons have their CH-valance vibration 
in this region. Therefore, ethane and the conversion of methane are quantitatively 
analyzed by mass spectroscopy. For the representation of the produced amount of 
the C2 hydrocarbon the buffer gas helium is ignored. 
The produced amounts of the three C2 hydrocarbons as a function of the power 
which is adjusted on the RF generator are illustrated in Figure 8.3. The inlet flow for 
this measurement consists of 1.75% methane, 0.75% carbon dioxide and 97.5% he-
lium. Ethane is the main and ethene the lowest C2 product. The concentration ratio 
between ethane and ethene (and between ethane and ethine) is approximately 13. 
 
 
Figure 8.3:  Produced amount of C2 hydrocarbons as a function of the adjusted generator power. 
The 400 sccm inlet gas stream consists of 1.75% methane, 0.75% carbon dioxide and 
97.5% helium. The produced amount of ethane is illustrated on the left axis (solid 
points) and the right axis shows the produced amount of ethene and ethine (open 
points). 
 
These results can be explained by the mechanism [5] for this reaction. The bond be-
tween hydrogen and carbon in a methane molecule are broken during the plasma 
treatment. The following reactions continue during this process: 
CH4 + e-  CH3 + H + e- (8.1)
CH3 + e-  CH2 + H + e- (8.2)
CH2 + e-  CH + H + e- (8.3)
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The required energy to start these reactions is moderately, 4.37 – 4.90 eV [10]. The 
CH radical of reaction (8.3) can dissociate to form carbon black. However, no carbon 
black has been observed for this kind of measurements.    
The produced radicals (CH3, CH2, CH) have to undergo a non elastic collision with 
the most abundant methane molecule to form ethane, ethene or ethine.  
CH4 + CH3  C2H6 + H (8.4)
CH4 + CH2  C2H4 + 2H/H2 (8.5)
CH4 + CH   C2H2 + H + H2 (8.6)
There are two reasons why ethane is the major C2 product. First only two 
steps (Reaction 8.1 and 8.4) are required to get this product. At least three collisions 
are necessary to form ethene (reaction 8.1, 8.2 and 8.5). The formation of ethine re-
quires at least four reactions (reaction 8.1, 8.2, 8.3 and 8.6). The generated methyl 
radical (reaction 8.1) has to collide one or rather two times with energy rich electrons 
to form the starting material for reaction (8.5) and (8.6). The dwell time of the com-
pounds in the DBD reactor is approximately 0.3 s and, thus, the probability of the col-
lision of electrons with methane is rather low. 
The second reason is that the average energy of one electron is between 0 
and 10 eV for our plasma reactor. More energy is required (15.06 eV or rather 
19.87 eV [11]) to create CH2 or CH in one step from methane.  
 The reaction of two similar radicals for example two CH3 radicals to ethane is 
thinkable but plasma in a DBD reactor has a small degree of ionization. The proba-
bility of a collision of two radicals is smaller than the collision of a radical and a mole-
cule like in reaction 4 to 6. 
There are not only reactions which generates C2 hydrocarbons. It is also 
possible to destroy these compounds in the plasma region (reaction 8.7 to 8.9).  
C2H6 + e-  2 CH3 + e- (8.7) 
C2H4 + e-   C2H3 + H + e- (8.8) 
C2H2 + e-  C2H + H + e-   (8.9) 
To dissociate ethine via reaction 8.9 more energy is needed (5.72 eV [12]) as for 
reaction 8.8 (4.60 eV [12]) to destroy ethene. Thus ethine is in the plasma region 
more sTable than ethene. The amount of ethine is for this reason higher than the 
amount of ethene for power above 45 W. 
The produced amount of the three C2 hydrocarbons increases with the adjusted ge-
nerator power as shown in Figure 8.3. The ethane amount rises from 2.25% to 
4.64%. There is an elevation of the ethene amount from 0.22% to 0.36% and 0.19% 
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to 0.42% for ethine. These results can be explained by the conversion of methane. 
Figure 8.4 illustrates the conversion of methane as a function of the adjusted genera-
tor power. The conversion of methane increases with the input power. The methane 
conversion has a value of 11.8% at a plasma generator power of 30 W and rise to 
36.5% at the highest power. The number of electron increases with the power, which 
means a greater number of micro filaments. A larger number of micro filaments imply 
also a larger volume in which the starting material has been converted. A higher con-
version of the starting material stands for more reactive species like CH3, CH2 or CH. 
These radicals collide with other methane molecules to form C2 hydrocarbons. The 
fraction of these products rises, if the concentration of the radical increases. 
 
 
Figure 8.4:  Conversion of methane as a function of the adjusted generator power. 
 
The first paragraphs of this section have shown the produced amount of C2-
hydrocarbons at a flow rate of 400 sccm. Figure 8.5 illustrates the dependence of the 
ethane yield on the velocity of the gas stream. The starting streams for these experi-
ments consist of 1.75% methane and 0.75% carbon dioxide and the gas flow was 
variegated between 200 and 800 sccm. If the flow is decreased, the amount of 
ethane increases from 3.0% (800 sccm) to 5.4% (200 sccm) at a power of 60 W. This 
result can be explained by the dwell time of the compounds in the plasma region. A 
shorter flow implies a longer time to convert methane by energy rich plasma elec-
trons in the reactor. The concentration of the required CH3 radicals increases in this 
case and reaction (8.4) becomes more likely.  
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The dwell time of the particles in the 1.06 cm3 plasma volume has been variegated 
between 80 ms (800 sccm) and 320 ms (200 sccm). If the power of the plasma gene-
rator reaches 65 W and the gas flow has a value of 200 sccm, an arc is and, thus, no 
ethane is shown in Figure 8.5. No measurements are done at these parameters to 
protect the reactor. 
 
 
Figure 8.5:  Influence of the flow velocity on the ethane yield. The gas stream consists of 1.75% 
Methane and 0.75% carbon dioxide. 
 
 
Figure 8.6:  Produced amount of ethane as a function of the adjusted generator power for different 
inlet mixtures at a flow rate of 200 sccm. 
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The following results have been originated at a flow rate of 200 sccm. The depen-
dence of the produced amount of ethane from the composition of the inlet flow is 
shown in Figure 8.6. The concentration of methane was changed from 1.25% to 
2.5%. The highest concentration (5.7%) of ethane is produced, if the flow of the start-
ing material consists of 5 sccm methane and 195 sccm of the buffered gas helium 
and the power of the plasma has a value of 60 W. In this case the concentration of 
the needed methyl radicals (reaction 8.6) is higher than for inlet flows which have, in 
addition to methane, a small amount of carbon dioxide. The probability of a collision 
of one methyl radical with a methane molecule increases, if the concentration of me-
thane in the starting flow increases. This Figure shows an increasing of the ethane 
concentration with increasing power of the plasma generator to higher values. 
Ethene and ethine show similar results, if the flow rate and the composition of the 
starting material have been varied. 
 
Figure 8.7:  Selectivity of this reactor for the three C2 hydrocarbons as a function of the inlet power. 
The left graph shows the selectivity for this reaction to ethane and the right the selectivi-
ty of ethene and ethine. 
 
The results for the selectivity of this reactor to the three C2 hydrocarbons (Figure 8.7) 
are shown for a starting stream which consists of 5 sccm methane and 195 sccm he-
lium. 
Selectivity of a reaction is another important factor to characterise the DBD reactor. 
For the C2 hydrocarbons it is calculated by the following formula: 
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                     
(8.10) 
An increase of the inlet power leads to a decrease of the ethane selectivity from 
50.9% at 30 W to 24.5% at 65 W. Similar results have been observed for ethene and 
ethine. The reaction selectivity for these two products is lower than for ethane; the 
values range between 2.5% and 4.5%. Two effects explain the decline of the selectiv-
ity: 1) Higher hydrocarbons are created at a higher power and 2) it is easier to create 
hydrogen at a higher input power. The selectivity of ethene is lower than the selectivi-
ty of ethane by about a factor of ten. The reason is the number of reactions to get the 
compounds. Ethane needs at least two and the other two products need three or ra-
ther four different reactions.  
8.4 Conclusion 
1) This DBD reactor generates the three C2 hydrocarbons. The main component of 
these three compounds is ethane. The relative amount of ethene and ethine is less 
than 1%. 
2) The produced amount of three hydrocarbons is dependent on the adjusted genera-
tor power. There is an increase of the concentration, if the power rises. 
3) A lower flow stream leads to a higher generated amount of the C2 hydrocarbons. 
4) An increase of the amount of methane in the starting stream results in an increase 
of the produced amount of ethane, ethene and ethine. 
5) The highest amount of ethane (5.4%) has been generated, if the inlet flow consists 
of 5 sccm methane and 195 sccm helium. 
4) The selectivity of the three interesting products reaches a high value at a low 
plasma power in the DBD reactor. The selectivity for the plasma assisted reaction of 
methane to ethane reaches a value of 51% at 30 W, if the stream consists of 2.5% 
methane and 97.5% helium at a flow rate of 200 sccm.  
5) A higher input plasma power raises the conversion of methane. 
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The influence of water on the plasma assisted conversion of methane 
and carbon dioxide in a dielectric barrier discharge (DBD) plug flow 
reactor was studied. The plasma at atmospheric pressure was ignited 
by a power supply at a frequency of 13.56 MHz. Product formation was 
studied at a power range between 35 W and 70 W. The concentrations 
of the three gases were altered and diluted with helium to 3%. FTIR 
spectroscopy and mass spectroscopy were applied to analyze the inlet 
and the product streams. The main product of this process are hydro-
gen, carbon monoxide and ethane. Ethene, ethine, methanol and for-
maldehyde are generated beside the main products in this DBD in lower 
concentrations. The conversion of methane, the ratio of the synthesis 
gas components (n(H2):n(CO)), and the yield of oxygenated hydrocar-
bons and hydrogen increases by adding water. The total consumed 
energy reaches lower values for small amounts of water. Additional wa-
ter does not influence the generated amount of C2 hydrocarbons and of 
CO, but decreases the carbon dioxide conversion. 
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9.1 Introduction 
The basic chemicals for the production of nearly all organic compounds are nowa-
days extracted from fossil fuels like crude oil or natural gas. These sources will run 
out in the future and new techniques are required to obtain the starting material for 
most organic synthesis. The conversion of methane and carbon dioxide mixtures 
might be one solution for this problem. This gas mixture is a well known regenerative 
source, because it is produced from renewable resources like biomass, waste or 
sludge. These solid compounds are converted in the absence of air by an anaerobic 
degradation or digestion process where organic carbon is subsequently oxidized and 
reduced to its most oxidized state (CO2) and its most reduced state (CH4) [1]. Gas 
mixtures generated from biomass (animal dung or plants like corn) are called biogas 
[2]. Digester gas [3] originates from sewage, and waste is transformed in landfills to 
landfill gas [2]. These three kinds of gas mixtures consist mostly of methane (37 - 
75%) and carbon dioxide (30 – 45%) and to a minor amount of nitrogen, hydrogen, 
oxygen and hydrogen sulfide [2,3].  
Methane and carbon dioxide are very unreactive compounds, which have to be acti-
vated in order to increase the reactivity. One way is the ignition of a cold plasma us-
ing for example corona discharge, dielectric barrier discharge (DBD), gliding arc, 
glow discharge or microwave discharge. This paper focuses on the conversion of 
methane and carbon dioxide in a DBD reactor. The dielectric barrier prevents the 
formation of sparks or arcs [4]. The slightly higher electron temperature [5] is another 
advantage of this device in comparison to the other named techniques.  
Intense research is performed to convert methane and carbon dioxide in a DBD reac-
tor. The main products are synthesis gas [6-9] C2 hydrocarbons [10], [11] and oxyge-
nated hydrocarbons, [12],[13] like methanol or formaldehyde. Mfopara et al. [14] ana-
lyzed the effect of water on the methane conversion in an atmospheric pressure di-
electric barrier discharge. Methane was added in deficient proportion and the amount 
of water was changed up to 10%. This set up generated mainly hydrogen and carbon 
dioxide. 
In a previous work we [15] analyzed the conversion of biogas like mixtures in a DBD 
to C2 hydrocarbons, so here ethane was found to be the main hydrocarbon. The 
concentration of all above mentioned products increases with increasing plasma 
power at low inlet flows (200 sccm) and the absence of carbon dioxide. 
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In contrast to Mfopara, this work focuses on the effect of small amounts of water on 
the product distribution when methane and carbon dioxide are converted in a DBD 
reactor. The amount of water, the power, and the composition of the inlet flow were 
varied. Increasing the conversion of the starting material and the amount of the prod-
ucts is the aim of this research.  
9.2 Experimental setup 
 
 
Figure 9.1:  Schematic setup of the current experiment. QMS: quadropole mass spectrometer; 
FTIR: Fourier transform interferometer; VI: Octiv VI probe; M.N.: matching network; R.F. 
radio frequency generator (13.56 MHz); 1,4 Valves; 2,3 precision valves. 
 
The experimental setup of this project is shown in Figure 9.1. Four mass flow control-
lers (MFC) adjusting the gas flow are controlled by a multi gas controller (MFC). The 
compositions of the inlet flow consist of different amounts of methane, carbon dioxide 
and water vapor and the buffer gas helium to dilute this mixture to 3%. The water va-
por is created by bubbling helium through a tank of liquid distilled water at ambient 
conditions. The concentration of water vapor generated in the bubbling tank depends 
on the temperature and is adjusted by using another MFC (helium). This second 
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termined by the flow of the two helium mass flow controllers. All gases are mixed be-
fore they reach the reaction chamber. The dielectric barrier discharge reactor is lo-
cated inside a stainless steel cube. One side of this chamber has a transparent plex-
iglas wall to observe the process.  
 
 
Figure 9.2:  The DBD reactor used in this experiment. 
 
The reactor (Figure 9.2) consists of a 15 cm long Duran glass cylinder with an inner 
diameter of 5.9 mm and an outer diameter of 8.0 mm. The inner working iron elec-
trode with a diameter of 3.0 mm is fixed on the top by two glass frits and on the bot-
tom by glass wool. The outer part of the glass body is covered over a length of 
50 mm with a conductive silver varnish to create the outer grounded counter elec-
trode. The outer electrode has over the whole length a slit of about one millimeter 
width to monitor the plasma. The plasma is generated by a 13.56 MHz radio frequen-
cy generator (ENI ACG-6B) and a matching network (ENI RFC 5M) at atmospheric 
pressure. The power of this device can be adjusted in one watt steps to a maximum 
power of 600 W. An Octiv VI probe (Impedans) is installed between the reactor and 
the plasma generator unit to measures the voltage, the current and the phase be-
tween them. These data are necessary to calculate the total consumed energy. The 
reactor temperature changes from room temperature to about 100°C after increasing 
the power. The details for this measurement are explained in a previous work [8]. 
Therefore, the plasma is in the low temperature region.  
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The stream of the reactants and the products leaves the reaction chamber through 
valve 1 (Figure 9.1). A small gas stream is sidelined through the precision valve 2 to 
be analyzed online in a FTIR spectrometer and a quadrupole mass spectrometer. 
The FTIR spectrometer (Bruker Equinox 55) is equipped with a long path white cell at 
a total pressure of 100 mbar. The quadrupole mass spectrometer (Balzer QME 200) 
operates at a pressure of 10-5 mbar. The pressure for the FTIR spectrometer is ad-
justable by a precision valve 3 and a dry scroll pump (Edwards XDS 10). This pump 
is also used to evacuate the reaction chamber through valve 4. The White cell in-
creases the optical path length up to 6 m. The IR spectra are recorded with a resolu-
tion of 0.5 cm-1 between 500 and 5000 cm-1. The detection limit of this setup is ap-
proximately 5 ppm. [16] 
The QMS continuously records spectra between m/z=1 to m/z=90 and is used to 
analyze IR inactive species like hydrogen or substances which have no characteristic 
IR peaks like ethane. For this spectrometer the detection limit is 3 ppm. The pressure 
is generated by a turbo molecular drag pumping station (Pfeiffer TSU 071E) consist-
ing of a diaphragm pump (Pfeiffer MVP 015) and a turbo molecular pump (Pfeiffer 
TMU 071P). 
The FTIR spectrometer and the QMS are calibrated with the starting material and the 
exact identified products to determine the conversion of the raw material and the 
yield of the products. The details for this procedure are discussed in a previous pa-
per [8]. 
9.3 Results and discussion 
A qualitative analysis of this process has been done in a previous work [12]. The 
products carbon monoxide, ethene, ethyne, formaldehyde, and methanol are clearly 
identified via IR spectroscopy. Mass spectroscopy is applied to identify ethane and 
hydrogen and to determine the conversion of methane and carbon dioxide.  






n ,     were x represents CO2 or CH4;  
x,conv x,0 x,endn n n   
(9.1)
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The buffer gas helium will be neglected for the following. Two different types of mea-
surements are discussed in each sub section. In the first series of measurements the 
concentration of the water flow was varied between 0 and 19%. Here, the undiluted 
gas flow without water consisted of 80% methane and 20% carbon dioxide. A fixed 
plasma power of 60 W was applied. The second kind of experiments concentrated on 
the influence of the plasma power (35 – 70 W). The amount of water vapor was ad-
justed to 17%, the concentration of methane ranged between 41.5% and 83% and 
carbon dioxide was accordingly added to reach 100%.  
9.3.1 Conversion of the starting material 
Figure 9.3 shows the conversion of methane and carbon dioxide as a function of 
added water vapor. A raise of the added water fraction up to 19% increased the con-
version of methane from 48% to 58% and decreased the conversion of carbon dio-
xide from 36% to 31%. This observation can be explained by the reactions occurring 
in the plasma volume through energy rich electrons. 
e
4 3CH CH H
   (9.8)
e
2CO CO O
   (9.9)
e
2H O OH H
   (9.10)
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Figure 9.3:  Conversion of methane and carbon dioxide as a function of the water proportion. The 
gas flow without water consisted of 80% methane and 20% carbon dioxide and was di-
luted to 2.5% with helium. The power was adjusted to 60 W. 
 
Methane, carbon dioxide and water dissociate in this primary reaction to form methyl 
and hydrogen, carbon monoxide and oxygen or hydroxyl radicals. Thus, additional 
water in the DBD reactor increases the concentration of the OH radicals. The starting 
material for this process can be converted by metasTable helium according to a Pen-
ning dissociation phenomenon [17]. However, a significant amount of energy is re-
quired to form He* (23s: 19.8 eV and 21s: 20.6 eV [18]) and, thus, it is not very likely 
the reaction with He* will occur. A DBD reactor generates a power of only 10 eV [23]. 
Secondary reactions of the generated radicals with the starting material have a high 
probability. Important examples for this operating condition are: 
4 3CH O CH OH    (9.11)
4 3 2CH HO CH H O    (9.12)
Thus, reaction (9.12) has a higher probability when water is present and thus the 
conversion of methane rises.  
There are no secondary reactions with OH to convert carbon dioxide. However, water 
consumes part of the energy which is needed to convert carbon dioxide. As a conse-
quence, the conversion of this compound decreases. The dissociation energy of 
reaction (9.9) is (5.52 eV [19]) slightly higher than for reaction (9.10) (5.18 eV [19]). 
Methane is more easily dissociated by the electrons (4.45 eV [19]) than the other two 
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Figure 9.4:  Conversion of methane as a function of plasma power and CH4 composition of the inlet 
flow. The amount of water was fixed to 17% and the missing part is filled up with carbon 
dioxide. The gas mixture was diluted to 3% with helium. 
 
 
Figure 9.5:  Conversion of carbon dioxide as a function of plasma power and CH4 composition of 
the inlet flow. The amount of water was fixed to 17% and the missing part is filled up 
with carbon dioxide. The gas mixture was diluted to 3% with helium. 
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The dependency of the plasma power and the composition of the inlet flow on the 
conversion of methane and carbon dioxide is shown in Figure 9.4 and 9.5. The con-
tribution of water was fixed to 17% for these measurements. The conversion of the 
starting material increased by a factor of approximately 5 for methane and by a factor 
of approximately 4 for carbon dioxide, when the power was changed from 35 W to 
70 W.  
For our plasma process the conversion of the biogas compounds reaches maximum 
values for high CH4 and low CO2 concentrations. A collision of methane with an ener-
gy rich plasma electron has a higher probability if the concentration of this molecule 
is high. The quenching reaction of carbon monoxide with oxygen radical reduces the 
conversion of carbon dioxide [20]: 
2CO O CO   (9.13)
At a higher methane concentration reaction (9.13) is less probable compared to reac-
tion (9.9), resulting in an overall higher carbon dioxide conversion. 
The conversion of methane reaches a maximum for an inlet stream consisting of 
50% CH4 if the power was elevated above 50 W. The power is now high enough to 
convert more carbon dioxide via reaction (9.9) and the products are able to convert 
methane by the secondary reactions (9.11) and (9.12). The concentration of the 
needed O radicals and methane molecules reaches an optimum value for an inlet 
flow consisting of 50% CH4 and 33% CO2.  
Essentially no conversion of water was observed: The reactive species generated 
through reaction (9.9) and (9.10) are mainly recombined to water via reaction (9.11) 
and (9.12). The use of additional water in the DBD reactor reduces the concentration 
of the polluting greenhouse gas methane, but it increases the amount of oxygenated 
hydrocarbons and of hydrogen as described in the following section.  
9.3.2 Oxygenated hydrocarbons 
Oxygenated hydrocarbons are an important class of organic chemicals. Their genera-
tion is influenced by an additional amount of water. Methanol and formaldehyde are 
major oxygenated products in this study. Figure 9.6 illustrates the influence of water 
on the produced amount of methanol and formaldehyde. The concentration of both 
components increases with an extra amount of H2O. The formaldehyde concentration 
rises from 0.2% (without water) to 0.6% (19% water). The formation of methanol in-
creases from 0.1% to 0.4%. The mechanisms [21, 22] for the generation of these two 
products explain the observed results: 
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3 2CH O H CO H    (9.14)
2 2CH OH H CO H    (9.15)
3 3CH OH CH OH   (9.16)
The needed methylene radical for reaction (9.15) is generated by dissociating the 
generated methyl radicals (reaction (9.8)) through energy rich plasma electrons. Ad-
ditional water increases the concentration of the needed OH radicals in the reactor 
and thereby the amount of the two identified oxygenated hydrocarbons (methanol 
and formaldehyde). There are two reasons why the methanol and formaldehyde yield 
is fairly small. Firstly, reactions (9.14) to (9.16) are recombination’s of two radicals. 
The ionization rate and the number of reactive radicals are very low in such a plasma 
source and the probability of collisions between two radicals are also low [23]. Se-
condly, methanol and formaldehyde exhibits a high reactivity with the generated radi-
cals OH, O or H. 
 
 
Figure 9.6:  Methanol and formaldehyde yield as a function of added water. The gas flow without 
water consisted of 80% methane and 20% carbon dioxide and was diluted to 2.5% with 
helium. The power was adjusted to 60 W. 
 
The amount of these two oxygenated compounds is relatively small without water 
because the needed OH radical is then only generated through carbon dioxide (reac-
tion (9.9)). 
The selectivity of this reactor to form methanol or formaldehyde for different water 
concentrations is shown in Figure 9.7. Water increases the selectivity of methanol 
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formation by a factor of 3 and for formaldehyde a doubling for its selectivity is ob-




Figure 9.7:  Selectivity of the two oxygenated hydrocarbons for different amounts of water. The gas 
flow without water consisted of 80% methane and 20% carbon dioxide and was diluted 
to 2.5% with helium. The power was adjusted to 60 W. 
 
 
Figure 9.8:  Methanol yield for different plasma powers and CH4 composition of the inlet flow. The 
amount of water was fixed to 17% and the missing part is filled up with carbon dioxide. 
The gas mixture was diluted to 3% with helium. 
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Figures 9.8 and 9.9 display the methanol and formaldehyde yield for different inlet 
stream compositions and plasma powers. 
The amount of methanol increases if the stream of the starting material contains 
more methane. A high concentration of methane generates a higher amount of CH3 
radicals in the reactor, resulting in a higher collision frequency to collide with the gen-
erated OH radicals which origin from water to form methanol (reaction 15). The me-
thanol yield reached a maximum at intermediate power values if the power of the 
plasma generator was altered from 35 W to 70 W and at least 50% methane was in-
serted. At low power levels the concentration of the radicals is fairly low resulting in 
low product formation and at very high power levels the concentration of the products 
becomes reduced due to radical reactions. The maximal received amount of MeOH 
at a power of 40 W and an inlet stream consisting of 83% CH4 and water is 0.54%.  
 
 
Figure 9.9:  Formaldehyde yield for different plasma powers and CH4 composition of the inlet flow. 
The amount of water was fixed to 17% and the missing part is filled up with carbon dio-
xide. The gas mixture was diluted to 3% with helium. 
 
In contrast to methanol the generated amount of formaldehyde reaches the highest 
concentration at medium methane concentrations. The generated oxygen, hydroxyl 
and methyl radicals react via reaction (9.14) or (9.15) to generate formaldehyde. Too 
few oxygenated radicals are generated in the case of a methane rich inlet stream. 
There are not enough methyl radicals created if the starting flow is rich of carbon dio-
xide. 
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The formaldehyde yield rises for high amounts of carbon dioxide and decreases for 
CO2 poor inlet composition with increasing of the plasma power to 70 W. The highest 
formaldehyde value (0.4%) was observed at 70 W and a reactant stream consisting 
of 50% methane, 33% CO2 and 17% water. The oxygen radicals which are required 
to form formaldehyde are generated from carbon dioxide, and the probability of a col-
lision of an electron with CO2 increases with higher CO2 concentration. The formation 
of O radicals for reaction (9.14) is more likely at higher velocities of the free electrons 
which can be achieved at higher plasma powers. 
The second required CH3 radical for the formation of formaldehyde (reactions (9.14) 
or (9.15) reacts rather with methane to form C2 hydrocarbons (see below) than with 
the oxygenated radicals. The methyl radicals can also undergo another dissociation 
reaction with other plasma electrons at a higher power resulting in a decrease of the 
formaldehyde concentration.  
9.3.3 Synthesis gas 
 
 
Figure 9.10:  Dependency of the yield of the synthesis gas components on the amount of water and 
the ratio of hydrogen to carbon monoxide. The gas flow without water consisted of 80% 
methane and 20% carbon dioxide and was diluted to 2.5% with helium. The power was 
adjusted to 60 W. 
 
The synthesis gas components are generated from the starting material in the ab-
sence of water by the following overall reaction:  
4 2 2CH CO 2H 2CO    (9.17)
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This is a well known reforming reaction. However, it is not an elementary reaction 
which we will focus on in the following.  
In our experiments hydrogen and carbon monoxide are the main products which, as 
an ensemble, are called synthesis gas. The formation of these components and their 
ratio for different water amounts are shown in Figure 9.10. The hydrogen concentra-
tion increases while the carbon monoxide concentration stays constant with increas-
ing water concentrations. As a consequence the ratio of hydrogen to CO rises.  
There are different ways to generate a hydrogen molecule. One possibility is the 
three body collision of two hydrogen radicals with another particle or with the reactor 
wall: 
2H H M H M     (9.18)
Since the concentration of methane is higher than the amount of the generated reac-
tive H radicals reaction (9.19) is the more likely reaction: 
4 2 3H CH H CH    (9.19)
Water is, due to reaction (9.10), an additional hydrogen source for this process. The 
yield of molecular hydrogen increases by a factor of approximately 1.5 from 36% 
(without water) to 55% (19% water).  
Carbon monoxide is generated via the primary plasma reaction (9.9). This process is 
independent of water and its contribution is about 18%. If the concentration of hydro-
gen rises with the amount of water and the carbon dioxide concentration stays con-
stant, the H2:CO ratio has to increase. This ratio is important for industrial applica-
tions like Fischer Tropsch Synthesis [24] or hydroformylation [25]. A H2:CO = 2 is 
needed to generate alkenes or methanol via Fischer Tropsch Synthesis. A ratio of 
one is used for hydroformylation reactions of alkenes. The ratio of H2 to CO is not 
only shifted by changing the composition and the power (see below); additional water 
is also a possible alternative solution.  
Figure 9.11 illustrates the selectivity of hydrogen and carbon monoxide as a function 
of the water amount. They reach high values. The selectivity of CO (≈ 38%) stays 
constant while the selectivity of H2 increases from 46% (without water) to 60% (19% 
water). These results are explained by the additional hydrogen source (water). The 
selectivity of CO doesn’t change by adding water when the amount of CO2 and the 
power are kept constant. 
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In principle, water gas shift reaction can explains the increase of the hydrogen yield 
and selectivity and constant values for carbon monoxide beside the above specified 
reason. The following reaction illustrates this process: 
2 2 2CO H O CO H    (9.20)
Both components are in the apparatus. Water is a starting material and carbon mo-
noxide is generated in the DBD reactor. Reaction (9.20) is an exothermic process. A 
catalyst and a temperature of at least 180°C are used for industrial applications [26]. 
Our reactor has a maximum temperature of about 100°C. Therefore, reaction (9.20) 
should have only a small influence on the contribution of the synthesis gas products 
and its selectivity.  
 
 
Figure 9.11:  Selectivity of the synthesis gas components for different amounts of water. The gas flow 
without water consisted of 80% methane and 20% carbon dioxide and was diluted to 
2.5% with helium. The power was adjusted to 60 W. 
 
Figure 9.12 shows the product distribution of hydrogen and carbon monoxide and the 
ratio of these two products (H2:CO) for different plasma powers. The amount of me-
thane was incresed from Figure 9.12a to 9.12d. The concentrations of H2 and CO 
increase with the power in these four types of measurements. A higher power implies 
a higher potential difference between the two electrodes and the free plasma elec-
trons need a shorter mean path to reach the needed energy for dissociating the start-
ing material. The result is a higher concentration of hydrogen and carbon monoxide. 
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Three effects are observed by changing the inlet flow to higher methane concentra-
tions. Firstly, the concentration of the H2 increases. The reason is the higher amount 
of hydrogen sources (CH4) so that reaction (9.19) becomes more likely. The biggest 
amount of hydrogen (53%) was generated at a power of 70 W and an inlet flow con-
sisting of methane and water in the absence of CO2. Secondly, there is a decrease of 
the carbon monoxide amount. More methane reduces the source for CO via reaction 
(9). 51% is the highest observed amount of CO. The results shown in Figure 12d 
were achieved without any carbon dioxide; nevertheless, the amount of CO reaches 
a value of about 4%. The following reactions [21] are possible to form this product in 
absence of CO2 and presence of water: 
2 2H CO OH CHO H O    (9.21)
2CHO OH CO H O    (9.22)
This is not a one step mechanism and, therefore, the concentration of carbon monox-
ide is low.  
 
 
Figure 9.12:  Yield of the synthesis gas components and their ratio (H2:CO) on the plasma power for 
different composition of the inlet flow at a fixed amount of water (17%). a) 41.5% CH4 
and 41.5% CO2 b) 50% CH4 and 33% CO2 c) 67% CH4 and 16% CO2 d) 83% CH4 and 
0% CO2. All gas flows were diluted with helium to 3%. 
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Thirdly the ratio of the synthesis gas components decreases with the methane con-
centration, because the H2 concentration increases and the CO concentration de-
creases with a higher methane concentration in the inlet flows. The ratio ranges from 
0.8 to 2.7. The CO amount is for the measurements without carbon dioxide very low 
and the H2:CO ratio is therefore very high (7 to 11). This is for clarity reasons not dis-
played in Figure 9.12d. The value is also beyond the limits for industrial applications. 
With the following parameters it is possible to convert the generated synthesis gas in 
a hydroformylation reaction: 41.5% CH4, 41.5% CO2 and 17% water; flow rate: 
200 sccm; power: 50 W. The amount of water has to be changed to use the generat-
ed synthesis gas in a Fischer Tropsch reactor. 
9.3.4 C2 hydrocarbons 
Beside the already discussed products other clearly identified compounds are C2 
hydrocarbons. This reactor also generates hydrocarbons with more than two carbon 
atoms. However, these species do not have characteristic peaks in an IR- or mass 




Figure 9.13:  Yield of C2 hydrocarbons in a DBD reactor. The gas flow without water consisted of 
80% methane and 20% carbon dioxide and was diluted to 2.5% with helium. The power 
was adjusted to 60 W. 
 
Figure 9.13 shows the produced amount of C2 hydrocarbons as a function of the in-
troduced amount of water. Ethane is the major organic compound produced. Ethyne 
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and ethene concentrations are one order of magnitude lower. Two steps are required 
to form ethane in comparison to three or four steps to form ethene or ethyne. The 
details are discussed in a previous article [15]. Water has a very small effect on the 
yield of these three hydrocarbons. Since the creation of these three products requires 
only the collision of methane and a CHx radical. No radicals originating from water 
are required for this process. The fluctuation of ethane concentration in Figure 9.13 is 
arranged in the range of error. 
9.3.5 Total consumed energy 
The energy required to convert one mole of substance is important to get information 
about an industrial application. Formula (9.23) is used to calculate the total con-
sumed energy (SE) of this process. 
2 4
PSE
n[CO ],conv n[CH ],conv

        
(9.23)
with P = measured power (VI Probe) [W] 
 n[x],conv

 = molar flow rate of reactant x converted [mol/s] 
 
Figure 9.14:  Total consumed energy for the conversion in this DBD reactor for different water 
amounts. The gas flow without water consisted of 80% methane and 20% carbon dio-
xide and was diluted to 2.5% with helium. The power was adjusted to 60 W. 
 
Figure 9.14 illustrates the trend of the total consumed energy as a function of the in-
troduced amount of water. A small amount of additional water decreases the SE for 
this process from 20.7 kJ/mmol to 18.8 kJ/mmol if the additional water increases up 
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to 7%. The energy to dissociate water via reaction (9.10) is slightly lower than for 
carbon dioxide by reaction (9.9). The result is a higher concentration of OH radicals 
which will convert methane (Reaction (9.12)). The SE rises if the amount of water 
increases above 7%. The reached value is below the value for measurements with-
out water. 
In comparison to our experiment Tao et al [5] reported in their review article from 
2011 a total consumed energy of a DBD reactor between 7.3 kJ/mmol and 
10.4 kJ/mmol. The present work doesn’t focus on reaching low energy consumptions, 
but to observe relative trends when water is added. The SE differences could be re-
ceived by using different frequencies (high frequency vs. radio frequency). 
9.4  Conclusion 
The current work focuses on the influence of water on the plasma assisted conver-
sion of methane and carbon dioxide. The water amount was altered between 0% and 
19%. The main products are the synthesis gas components H2 and CO and ethane. 
Ethene, ethyne, formaldehyde and methanol are observed in lower concentrations. 
Water has a positive effect on:  
- the conversion of methane. Additional water increases the conversion of this 
product from 48% to 58%. 
- the yield of the oxygenated hydrocarbons. The generated amount of formalde-
hyde rises by a factor of 3 and methanol by a factor of 4. 
- the yield of hydrogen. Water is an additional source for the production of this mo-
lecule. 
- the H2:CO ratio. This ratio is important for industrial applications like Fischer 
Tropsch reactions or hydroformylations. This parameter is adjusTable by using 
wet conditions with different amounts of water. 
- the total consumed energy. A small amount of water decreases the total con-
sumed energy from 20.7 kJ/mmol to 18.8 kJ/mmol, i.e. almost 10%. 
Water has a negative influence on: 
- the conversion of carbon dioxide. The conversion of CO2 decreases from 36% to 
31%. 
The following substances are nearly unaffected by water: 
- carbon monoxide 
- C2 Hydrocarbons 
A numerical summery of the effect of water in this experiment is shown in Table 9.1. 
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The second part of this work focused on the effect of the power and the composition 
at a constant water amount on the conversion of the starting material and the product 
distribution. The conversion of methane and carbon dioxide as well as the concentra-
tion of the synthesis gas components rises with increasing plasma power. The oxy-
genated compounds like methanol and formaldehyde reach their maximum at me-
dium power levels. 
 
Table 9.1:  Summery of the wet conditions. 
What? Observation Situation 
Conversion methane +17% 
Increasing H2O 
amount  
(0% to 19%) 
Conversion CO2 -12% 
Yield formaldehyde +64% 
Yield methanol +74% 
Yield hydrogen +36% 
Yield CO ≈ constant 
H2:CO +17% 
Yield C2 hydrocarbons ≈ constant 
Total energy consumption -9% Increasing H2O 
amount  
 
Methane rich streams increase the yield of methanol and hydrogen and the H2:CO 
ratio. A higher amount of CO2 has a positive effect on the produced amount of CO. 
The concentration of formaldehyde reaches its maximum for nearly the same amount 
of CO and CH4. 
To sum up, additional water increases the conversion of methane, the yield of H2 and 
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A continuous plug flow reactor supported by a dielectric barrier dis-
charge (DBD) is used to study the conversion of methane, carbon dio-
xide, and oxygen at different compositions. The three studied gases 
were diluted with helium to 3% with an overall flow rate of 200 sccm. 
The 13.56 MHz plasma was ignited at atmospheric pressure. The prod-
uct stream and the inlet flow were analyzed by a FTIR spectrometer 
equipped with a White-cell and by a quadrupole mass spectrometer. 
The DBD reactor generates hydrogen, carbon monoxide, ethane, 
ethene, ethine, formaldehyde, and methanol. Additional oxygen in the 
feed has positive effects on the yield of methanol, formaldehyde and 
carbon monoxide and reduces the total consumed energy. The hydro-
gen yield reaches its maximum at medium amounts of oxygen in the in-
let flow. The conversion of methane increases to a limiting value of 
about 35%. Methane rich feeds increase the yield of hydrogen, ethane 
and methanol. On the other hand, additional oxygen has a negative in-
fluence on the produced amount of C2 hydrocarbons. The conversion of 
methane and carbon dioxide as well as the yield of synthesis gas com-
ponents and C2 hydrocarbons increases by changing the plasma power 
to higher values.  
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10.1 Introduction 
Fossil fuels like crude oil or natural gas will be exhausted in the near future. These 
substances are not only used as a power fuel or to generate heat or electricity, but 
also source for producing organic basic chemicals via thermal or fluid catalytic crack-
ing [1]. Our work deals with the development of a new technique to generate synthe-
sis gas and basic organic chemicals like C2 hydrocarbons and oxygenated hydrocar-
bons i.e. methanol and formaldehyde from alternative sources. 
The conversion of gas mixtures of the dangerous gases carbon dioxide and methane 
is one solution for this problem. CO2 is obtained by burning fossil fuels while methane 
is the main component of natural gas. A mixture of both gases is generated in biogas, 
landfill or sewage plants by anaerobic microbial mineralization of organic com-
pounds. The regenerative starting material for this process is organic solids. The 
main products are methane (40%-70%) and carbon dioxide (30%-50%) with oxygen, 
hydrogen, nitrogen and hydrogen sulfide being generated in minor concentration [2, 
3]. 
To effectively convert methane and carbon dioxide, their reactivity has to be in-
creased. One way to achieve that is the use of a non thermal plasma like a dielectric 
barrier discharge (DBD), a gliding arc, a corona discharge or a microwave discharge. 
Here, the low temperature of the molecules and ions and the high energy of the free 
electrons (up to 10 eV) is an advantage [4]. In this work a DBD reactor powered by a 
RF generator was used to ignite the plasma. Advantages of this plasma source are 
the absence of sparks and arcs, the flexibility of the reactor geometry, and the scale 
up [5].  
The conversion of methane and carbon dioxide in a DBD reactor has been studied in 
many research projects. Synthesis gas components [6-10] (hydrogen and carbon 
monoxide), hydrocarbons [11, 12] and oxygenates [13, 14] have been obtained as 
products. Some research groups [15-21] have already studied the influence of oxy-
gen on the plasma assisted conversion of CH4 and CO2 mixtures in a DBD reactor in 
the low and high frequency (40-5000 Hz) range. However, no investigations at radio 
frequencies were performed. Thus, our research concentrates on the radio frequency 
range at 13.56 MHz. However, no investigations at radio frequencies were per-
formed.  
In our current research the effect of oxygen on the conversion of methane and car-
bon dioxide mixtures is analyzed. For this study the amounts of the three inlet gases 
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and the plasma power have been altered. The primary aim of this work is to increase 
the conversion of the reactants and the yield of the products.  
10.2 Experimental Setup 
The experimental setup has been described in detail in a previous paper [12]. A 
fourth mass flow controller (MFC) has been used in this research in comparison to 
the previous work. These four MFCs have been used to adjust the 200 sccm gas flow 
consisting of methane (1.25-2.5%), carbon dioxide (0-1.25%) and oxygen (0-1%). 
The remaining volume is our carrier gas, helium. These gas mixtures have been con-
verted in a cylindrical DBD reactor at atmospheric pressure. A RF-generator and a 
matching network have been used to ignite the 13.56 MHz plasma. An Octive VI 
probe has been used to measure the voltage, the current and the phase shift be-
tween them in order to calculate the total consumed energy. This device is located 
between the plasma generating unit and the reactor. The reactor has a capacity of 
32 nF which has been determined via impedance spectroscopy.  
The reactor temperature reaches about 100°C at the highest plasma power (70 W). 
The details for this measurement are explained in an article representing previous 
work [6].  
For the analysis of the inlet gas and the product stream of IR active species a FTIR 
spectrometer has been used at a resolution of 0.5 cm-1 and a pressure of 100 mbar 
equipped with a White - Cell providing an optical path length of up to 6 meter. All 
compounds which do not show a characteristic IR peak or are IR inactive have been 
monitored by a quadrupole mass spectrometer at a pressure of 10-5 mbar. 
 
10.3 Results and discussion 
We have analyzed the recorded IR spectra between 5000 and 500 cm-1 and identi-
fied carbon monoxide, formaldehyde, methanol, ethene and ethine [13]. Hydrogen, 
methane, ethane, oxygen and carbon dioxide have quantitatively been studied in the 
mass spectrometer. Methane and carbon dioxide have characteristic IR peaks, but 
they absorb too intensively and for methane the C-H stretch around 3000 cm-1 is cha-
racteristic for all hydrocarbons. 
Helium has been used for dilution and to facilitate the ignition of the plasma. Hence, 
this gas is neglected in the following discussion. Nevertheless, it should be men-
tioned, that helium is a very important reagent in DBD condition. Many molecules are 
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generated from helium. This noble gas can transfer energy to the molecules methane 
and carbon dioxide after a collision. 
Two different kinds of measurements have been performed to study the influence of 
oxygen on the plasma assisted conversion of methane and carbon dioxide (see Sec-
tion 10.3.1). The concentration of oxygen has been altered between 0 and 29% in the 
first set of measurements. In that case, the undiluted gas flow without oxygen has 
consisted of 100% methane and the power has been fixed to 35 W.  
At this plasma power the concentration of the oxygenated products reached the 
highest values (see Section 10.3.2). In the second part of this work the power (0-
70 W) and the composition of the inlet stream have been varied (see Section 3.2). 
The concentration of methane has been altered between 41.5 and 83% at a fixed 
amount of oxygen (17%) and carbon dioxide has accordingly been added to reach 
100%. 
All measurements were carried out three times in order to access reproducibility and 
experimental errors. The product yields, conversions of the starting material, selec-
tivities and the total consumed energy were averaged, and the error bars represent 
the standard deviation of the three measurements. 
The following formulas were used to calculate the conversion (C) of the starting ma-
































































The total consumed energy (TCE) is calculated by the following formula: 
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4 2 2CH ,conv. CO ,conv. O ,conv.
PTCE
n n n
    
      
(10.7)
with P = measured power (VI Probe) [W] 
 x,conv.n

 = molar flow rate of reactant x converted [mol/s] 
10.3.1 Influence of oxygen on the conversion of methane and on the product 
distribution 
The conversion of methane and oxygen as a function of the added amount of oxygen 
is shown in Figure 10.1. The conversion of oxygen reaches a maximum value of 79% 
for measurements with at least 19% oxygen in the inlet gas. Oxygen dissociates in 
the plasma zone via reaction (10.8) into two O radicals. For low O2 concentrations 
the probability for a collision of an energy rich electron with an oxygen molecule is 
lower than for high concentrations, resulting in a smaller conversion for low amounts 
of oxygen. The conversion reaches a limiting value, because the mean free paths of 
the electrons are not sufficiently large to dissociate all oxygen molecules upon a colli-
sion. Molecular oxygen has a large electron affinity. Thus, this molecule easily cap-
tures electrons in the plasma region and reduces their number. In turn, the negatively 
charged ion ( 2O

) with a high reactivity is able to enhance the conversion of methane.  
 
 
Figure 10.1:  Conversion of methane and oxygen as a function of the oxygen portion. The undiluted 
gas flow without oxygen consisted of 100% methane. The power was adjusted to 35 W. 
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Additional O2 increases the conversion of methane from 25% (without O2) to 35% 
(17% O2). For higher oxygen concentrations the conversion also approaches a limit-
ing value. These results are explainable by the following reactions occurring as a 
primary or a secondary reaction in the plasma region.  
e
2O O O
   (10.8)
e
4 3CH CH H
   (10.9)
4 3CH O CH OH    (10.10)
4 3 2CH HO CH H O    (10.11)
Methane is dissociated through energy rich plasma electrons to a methyl and hydro-
gen radical (reaction (10.9)), regardless of the presence or absence of oxygen. In the 
presence of oxygen, the generated O radicals (reaction (10.8)) are very reactive and 
form an OH radical after a collision with methane (reaction (10.10)). The OH radical 
can undergo another secondary reaction with methane to form water (reaction 
(10.11)). Reactions (10.10) and (10.11) become more probable by increasing the 
concentration of oxygen, resulting in a higher conversion of methane. 
 
 
Figure 10.2:  Product distribution of the synthesis gas components (H2 and CO), left scale, and their 
ratio (H2:CO), right scale, for different amounts of oxygen in the inlet gas. The undiluted 
gas flow without oxygen consists of 100% methane. The plasma power was fixed to 
35 W at a total flow rate of 200 sccm. 
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Figure 10.2 to 10.4 illustrate the yields of the identified products as a function of the 
amount of oxygen in the inlet gas. The main products are hydrogen and carbon mo-
noxide (Figure 10.2), together known as synthesis gas. The generated amount of 
carbon monoxide grows from 1% to 18% if the oxygen concentration in the inlet gas 
increases. The hydrogen yield (24%) reaches a maximum at medium oxygen con-
centrations (17%). These observations are explainable by the reactions (12-14) that 
lead to the formation of molecular hydrogen. 
2H H M H M     (10.12)
M represents another particle or the reactor wall. 
4 2 3H CH H CH    (10.13)
2 2CH O CO H    (10.14)
Molecular hydrogen can either be generated in a three body collision of two hydrogen 
radicals with another particle or the reactor wall (reaction (10.12)) or via reaction 
(10.13) following a collision of a hydrogen radical with a methane molecule. Reaction 
(10.14) comes into play for samples containing additional oxygen where CH2 radicals 
are generated in a collision of the methyl radical with a plasma electron. This reaction 
requires an activation energy of 4.9 eV [26]. Since the free electrons of the plasma 
source have a temperature up to 10 eV [4] this is sufficient for an effective CH2 gen-
eration. Reaction (10.14) becomes more relevant with increasing amount of oxygen 
in the feed resulting in an enhancement of the synthesis gas yield.    
The hydrogen yield decreases again at even higher oxygen concentrations because 
oxygen is then able to react with methane to water (reaction (10.10) and (10.11)).  
Another minor pathway is the formation of carbon dioxide following the collision of 
carbon monoxide with a hydroxyl radical forms carbon dioxide. 
2CO OH CO H    (10.15)
The generated amount of carbon dioxide is small and therefore not illustrated in Fig-
ure 10.2.  
In addition to the yields of the synthesis gas components Figure 10.2 also shows 
their ratio (n(H2):n(CO)). The H2:CO ratio decreases with the addition of oxygen 
mainly because of the increase of the generated amount of carbon monoxide. Syn-
thesis gas is needed in hydroformylations [22] of unsaturated alkenes or in Fischer 
Tropsch reactions [23] to produce hydrocarbons. For these reactions particular ratios 
are required. A H2:CO ratio of 1 is required for hydroformylation while a ratio of 2 is 
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necessary to produce alkenes. Our results provide the opportunity to adjust this ratio 
in a simple way by adding the required amount of oxygen.  
The very large H2:CO ratio at four percent oxygen content in the starting material is 
out of the relevant range for industrial applications and is therefore not displayed in 
Figure 10.2.  
Ethane is the third important product in the conversion process beside the two syn-
thesis gas components. Figure 10.3 shows the product distribution of the three C2 
hydrocarbons (ethane, ethene, ethine) for different amounts of oxygen.  
A small amount of oxygen does not noticeably influence the product concentrations 
of these compounds as oxygen is not needed at all to generate these products. The 
detailed mechanism has been discussed in a previous publication [12]. The starting 
point for this process is methane, dissociating via reaction (10.9) to CH3. In order to 
form ethane, the methyl radical has then to collide with another methane molecule. 
For the generation of at ethene and ethine, additional steps are required in which 
CH3 radicals have to collide one or several times with an energy rich electron to be 
dissociated to a CH2 or CH radical. Those radicals will then undergo a reaction with 
methane to form ethene or ethine. Since multiple steps are required to generate the 
unsaturated hydrocarbons, this concentration is generally low. 
 
Figure 10.3:  Yield of C2 hydrocarbons as a function of the amount of oxygen. The undiluted gas flow 
without oxygen consists of 100% methane. The plasma power was fixed at 35 W at a 
total flow rate of 200 sccm. 
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A higher percentage of oxygen has a negative effect on the production of ethane, 
ethene and ethine. Two processes contribute to the inhibition of C2 hydrocarbons 
generated upon by adding oxygen. Firstly, oxygen reduces the concentration of me-
thane (water is formed) by reactions (10) and (11). Secondly, the C2 hydrocarbons 
themselves can be destroyed in reactions with oxygen. 
 
 
Figure 10.4:  Methanol and formaldehyde yields as a function of the amount of oxygen. The undiluted 
gas flow without oxygen consists of 100% methane. The plasma power was fixed at 
35 W at a total flow rate of 200 sccm. 
 
The striking contrast, oxygen has a large and positive effect on the produced amount 
of oxygenated hydrocarbons (methanol or formaldehyde). Our reactor generates 
maximally 3% of these two products. Figure 10.4 illustrates the dependency of the 
methanol and formaldehyde yields on the concentration of oxygen in the inlet gas. 
The amounts of both oxygenated products rise to 1.2% (MeOH) and 1.7% (formalde-
hyde) by increasing the amount of oxygen to 29%. The generation of these two prod-
ucts can be understood by the following reactions are [24, 25]: 
3 2CH O H CO H    (10.16)
3 3CH OH CH OH   (10.17)
Both reactions are collisions of two radicals originating from methane and oxygen, 
respectively CH3 radicals are generated via the primary reaction (10.9) or via the 
secondary reaction (10.10) which simultaneously generates the needed OH radical 
for reaction (10.17). O radicals are created via the primary reaction (10.8) by the ac-
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tion of plasma electrons. The concentration of each of the oxygenated products is 
less than 2% because the radical concentration in weakly ionized plasmas is also low 
[5] and, therefore, the collision of two radicals is less likely. In addition, oxygenated 
products are easily destroyed because they are a highly reactive with radicals like 




Figure 10.5:  Above: Selectivity calculated from C balance as a function of the added oxygen. Below: 
Selectivity of methane to hydrogen. The plasma power was fixed at 35 W at a total flow 
rate of 200 sccm. a) 0% oxygen, b) 12% oxygen, c) 19% oxygen, d) 29% oxygen. 
 
Larger amounts of oxygen in the inlet gas lead to a higher conversion of the starting 
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for reactions (10.16) and (10.17). As a consequence an increase in the concentration 
of oxygenates is observed if the oxygen amount in the inlet gas is increased.  
Another important aspect which is discussed in the following subsection is the selec-
tivity of the relevant plasma processes. Figure 10.5 illustrates the dependence of the 
selectivity for methane conversion on the amount of oxygen in the inlet gas. The 
missing fraction to 100% selectivity being calculated from C-balance is assumed to 
be due to the generation of higher hydrocarbons which cannot identified quantified 
with the used FTIR and mass spectrometer. All together, five selectivity effects are 
observed upon adding oxygen. Firstly, the selectivity for hydrogen formation remains 
constant with the experimental error. Since no additional reactions generating hydro-
gen occur after adding oxygen. Secondly, the selectivity for CO increases because of 
reaction (10.14). Thirdly, the selectivity to form ethane reaches a maximum at a low 
oxygen concentration. The reason is that starting radicals for the ethane generation 
are produced from reactions with O radicals with methane and that high concentra-
tions of oxygen combust the methane, resulting in a decrease of the ethane selectivi-
ty. Fourthly, the selectivity of the unsaturated C2 hydrocarbons decreases after add-
ing oxygen. Fifthly, the selectivity of the oxygenated hydrocarbons (methanol and 
formaldehyde) reaches a maximum at a high concentration of oxygen because O 
radicals are needed to form those products. 
 
Figure 10.6:  Total consumed energy for different concentration of oxygen. The undiluted gas flow 
without oxygen consists of 100% methane. The plasma power was fixed at 35 W at a 
total flow rate of 200 sccm. 
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The influence of oxygen in the inlet gas on the total consumed energy is shown in 
Figure 10.6. Additional oxygen decreases the consumed energy from 21 kJ/mmol to 
8 kJ/mmol. Even one oxygen molecule that is dissociated in the DBD reactor via 
reaction (10.8) into two O radicals will convert four methane molecules via reaction 
(10.10) and (10.11). Thus, the increase in the conversion effencey goes along with a 
decrease of the total consumed energy. Similar values of 5 to 10 kJ/mmol have been 
reported in the literature [4, 16] for a DBD reactor. However, the present work has not 
focused on minimizing the energy consumption, but instead to investigate and under-
stand relative trends in product composition when oxygen is added. 
10.3.2 Influence of methane, carbon dioxide, and plasma power on the prod-
uct distribution. 
In Section 10.3.1 we have analyzed the influence of different concentrations of oxy-
gen on the conversion of methane and the product distribution in the DBD reactor at 
a fixed power (35 W). In this Section we will discuss the influence of different concen-
trations of methane, carbon dioxide and the variation of the plasma power on the 
conversion process at a fixed amount of oxygen in the inlet gas (17%).  
 
 
Figure 10.7:  Conversion of methane as a function of the concentration of the starting material (CH4, 
CO2 and O2) and the plasma power. The amount of oxygen was fixed at 17%. 
 
Before discussing the product distribution the conversion of the starting materials will 
be analyzed. The conversion of methane and carbon dioxide as a function of the 
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plasma power for different compositions of the inlet gas is shown in Figures 10.7 and 
10.8. As the number of micro filaments in the reactor rises by increasing the power in 
the plasma region, the conversion of both components also increases with increasing 
power.  
Generally, the conversion of methane is always larger than the conversion of carbon 
dioxide. Methane is fragmented by plasma electrons via reaction (10.9), while carbon 
dioxide is converted by the following process:  
e
2CO CO O
   (10.18)
For the electron assisted dissociation of CO2 (5.52 eV [26]) more energy is required 
than for the fragmentation of CH4 (4.45 eV [26]), reaction (10.9). Moreover, the addi-
tional oxygen from reaction (10.8) is another source to accomplish the conversion of 
methane via reaction 10.10 while there are no additional reactions of carbon dioxide 
with oxygen. 
 
Figure 10.8:  Conversion of carbon dioxide as a function of the concentration of the starting material 
(CH4, CO2 and O2) and the plasma power. The amount of oxygen was fixed at 17%. 
 
Negative conversions are observed for carbon dioxide at a power of 30 W and 35 W, 
i.e. a production of CO2 takes place. Carbon dioxide production occurs either via 
reaction (10.15) or via back reaction of reaction (10.18). For reaction (10.15) to occur, 
oxygen needs to form an OH radical first after a collision with methane (reaction 
(10.10)), which can then collide with CO to form carbon dioxide. The back reaction of 
reaction (10.18) becomes more likely because additional oxygen increases the con-
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centration of O radicals significantly. At low plasma power, the energy of the plasma 
is not high enough to counter balance this CO2 production by the conversion process. 
For any fixed plasma power, the highest conversion of methane is reached at the 
highest concentration of methane and for low amounts of carbon dioxide. For this 
starting material composition, a collision of a methane molecule with a plasma elec-
tron, an O, or an OH radical is most probable.  
The conversion of oxygen for different compositions of the inlet gas and the plasma 
power is listed in Table 10.1. The composition of the inlet gas does not significantly 
affect the conversion of oxygen because the amount of O2 was fixed only for very 
large plasma powers a high methane concentration significantly increases the oxy-
gen conversion. At low plasma power (30 W) little more than 50% of O2 is converted. 
An increase in the power above 30 W generally increases the conversion to a limiting 
value of around 75% because the plasma electrons cannot dissociate all oxygen 
within the short residence time of only 320 ms of the starting material in the reactor. 
Only if the power was increased to 65 W with 83% methane, and at 70 W for the 
measurement with 67% methane all oxygen molecules could be converted. Under 
these conditions the concentration of hydrogen radicals in the reactor is very large 
which react with molecular oxygen to an oxygen radical and a hydroxyl radical. 
 
Table 10.1:  Conversion of oxygen as a function of the concentration of the starting material (CH4, 
CO2) and the plasma power. The amount of oxygen was fixed at 17%. 













30 64.3 54.8 58.2 65.1 
35 64.4 70.9 65.4 72.0 
40 74.7 74.3 70.0 74.1 
45 76.2 74.7 71.5 74.3 
50 76.5 74.7 72.1 75.1 
55 76.6 74.7 72.0 75.2 
60 77.0 75.3 72.5 75.6 
65 77.3 75.5 73.9 100 
70 77.6 77.8 100 100 
 
The following part of this Section addresses the product distribution. The components 
are discussed in the order of the influence of additional oxygen. 
The influence of different compositions of the inlet gas and of the plasma power on 
the formaldehyde yield is shown in Figure 10.9. The produced amount of formalde-
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hyde reaches the highest values at the lowest power and decreases by increasing 
the power from 30 to 45 W. The mechanism for the formaldehyde generation has 
been discussed in Section 10.3.1. The collision of a methyl with an oxygen radical is 
the final reaction to form formaldehyde (reaction (10.16)) where carbon dioxide is 
another source for oxygen radicals.  
Generally, radicals like OH, H, and O will destroy the formed formaldehyde. As the 
concentration of these radicals increases with the plasma power, the formaldehyde 
yield decreases. For plasma powers larger than 40 W and methane pure and rich 
inlet gas mixtures the H2CO yield is independent of the plasma power. Here, the for-
maldehyde yield remains constant because the formation and decay reactions are in 
equilibrium: with increasing power more O radicals are available to produce CO, but 
at the same time the concentration of the destructive radicals increases in the same 
way. For the measurements with 50% or 67% methane the concentration of formal-
dehyde slightly rises again after increasing the power to values beyond 45 W. Now, 
reaction (10.18) occurs with a higher probability because the electric field in the reac-
tor rises with the plasma power. The result is a higher concentration of the O radicals 
which are required for reaction (10.16). 
 
 
Figure 10.9:  Formaldehyde yield for different compositions of the inlet gas and plasma power. The 
amount of oxygen is fixed at 17%. 
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In general, the highest formaldehyde yield is found for measurements with 67% me-
thane, 16% CO2 and 17% O2 for any fixed plasma power. Only for the lowest power, 
a higher methane concentration leads to a higher formaldehyde concentration.  
The concentration of the methanol product decreases with the power as shown in 
Figure 10.10 for different compositions of the inlet stream. The formation process in 
this case is a collision of two radicals (CH3 and OH) via reaction (10.17). The de-
crease of the methanol yield is explained by the formation of other reactive radicals in 
the DBD reactor. The details are discussed in the formaldehyde paragraph above. 
In contrast to the case of formaldehyde the production of methanol increases with 
increasing concentration of methane in the inlet gas at any fixed plasma power. The 
concentration of CH3 radicals in the DBD reactor is larger at a higher methane con-
centration. Thus, the collision of an OH radical with a CH3 radical becomes more 
probable.  
The highest concentration of methanol (7100 ppm) is generated at a power of 30 W 




Figure 10.10:  Influence of the plasma power and the composition of the inlet gas on the concentration 
of methanol. The amount of oxygen is fixed at 17%. 
 
Figure 10.11 illustrates the dependency of the hydrogen and carbon monoxide yields 
on the composition of the inlet gas. For all inlet gas compositions, the yield of the 
synthesis gas components (hydrogen and carbon monoxide) increases when the 
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plasma power rises from 30 W to 70 W. The mechanism for the generation of these 
products is discussed in Section 3.1 for measurements without carbon dioxide. Car-
bon monoxide is generated via the primary plasma (reaction (10.18)), via reaction 
(10.14) reaction or by a collision of methanol or formaldehyde with an oxygen or hy-
droxyl radical. Reaction (10.19) and (10.20) illustrate the latter pathway for the ex-
ample of the collision of formaldehyde with an O radical. 
2H CO O CHO OH    (10.19)
CHO O CO OH    (10.20)
If the application of energy is increased by increasing the power, the number of micro 
filaments is accordingly increasing resulting in a higher amount of radicals generated 
via reaction (10.8), (10.9) and (10.18). Some of the formed species are the starting 
point to form synthesis gas.  
 
 
Figure 10.11:  Yield of the synthesis gas components as a function of the power and the composition 
of the inlet gas at a fixed amount of oxygen (16%) a) 83% CH4, 17% O2 b) 67% CH4, 
16% CO2, 17% O2 c) 50% CH4, 33% CO2, 17% O2 d) 41.5% CH4, 41.5% CO2, 17% O2. 
 
Figure 10.11a-d shows the synthesis gas formation for decreasing the concentration 
of methane in the inlet gas. The produced amount of hydrogen reaches a maximum 
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for 67% CH4, 16% CO2, 17% O2 (see Figure 10.11b). The formation of H2 in the ab-
sence of carbon dioxide is discussed in Section 10.3.1 resulting from reaction (10.13) 
(collision of H with CH4) and (10.14) (CH2+O). Additional CO2 in the reaction mixture 
forms formaldehyde which is able to react with hydrogen radicals to form molecular 
hydrogen: 
2 2CH O H HCO H    (10.21)
This reaction reaches the highest probability at low concentrations of carbon dioxide 
(Figure 10.11b). 
The concentration of product carbon monoxide does not reach its maximum for the 
highest concentration of reactant carbon dioxide. The CO product can be produced 
by one or more of the following mechanism: 
1) Dissociating of CO2 via plasma electrons (reaction 18)  
2) The reaction of a CH2 radical with an O radical (reaction (14)) 
3) The destruction reaction of formaldehyde and methanol via O or OH radicals 
(reaction (19) and (20)).  
The optimum for the CO yield is achieved for a composition consisting of 50% CH4, 
33% CO2, and 17% O2. 
The ratio of the two synthesis gas components (H2:CO) is an important factor for in-
dustrial application. This parameter decreases by increasing the amount of carbon 
dioxide in the inlet gas. In that case, the amount of hydrogen decreases, while the 
concentration of CO increases. The ratio is independent of the plasma power for 
measurements with a large carbon dioxide concentration in the inlet gas (Figure 
10.11c and d). A methane rich inlet stream generates a ratio of H2:CO that increases 
by increasing the plasma power (Figure 11a and b).  
The highest concentration of hydrogen (41%) is generated in a mixture, consisting of 
67% CH4, 16% CO2, and 17% O2 at a power of 70 W. 44% is the highest produced 
amount of CO for the same concentration. The H2:CO ratio of 2 (Fischer Tropsch 
synthesis to methanol or alkenes) is reached for the following parameters: 83% CH4, 
17% O2 and 45 W. Hydroformylation (H2:CO=1) reactions are realizable at a power of 
30 W and an inlet gas consisting of 67% CH4, 16% CO2, 17% O2. For higher power, 
the methane concentration has to be slightly reduced as can be concluded from Fig-
ure 10.11b and c. 
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Figure 10.12:  Influence of the plasma power and the composition of the inlet gas on the ethane yield. 
The amount of oxygen is fixed at 17%. 
 
The amount of ethane rises with increasing the power from 30 W to 70 W (Figure 
10.12). A higher plasma power represents a higher concentration of the required CH3 
radicals which are needed to form ethane: 
4 3 2 6CH CH C H H    (10.22)
A higher concentration of methane in the inlet gas increases the concentration of 
ethane at any fixed plasma power. Higher concentrations of the CH3 radicals are 
generated in a reaction mixture consisting of mostly methane to undergo reaction 
(10.22). No ethane at all has been detected for measurements consisting of 41.5% or 
less methane in the inlet gas. The unsaturated C2 hydrocarbons are not discussed in 
this Section because their yield is smaller than 0.7% and oxygen has only a minor 
effect on the distribution of these products. 
 
10.4 Conclusion 
The current work discusses the influence of oxygen on the plasma assisted conver-
sion of methane and carbon dioxide in a DBD reactor. The main products for this 
conversion process are hydrogen and carbon monoxide (synthesis gas), and ethane. 
The DBD reactor also generates ethene, ethine, formaldehyde, and methanol in mi-
nor concentrations. The inlet and the product flow compositions have been analyzed 
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by quadrupole mass spectrometry and FTIR spectroscopy supported by a White - 
cell.  
Oxygen increases the yield of methanol by a factor of 10 and the yield of formalde-
hyde by a factor of 26 at a fixed plasma power of 35 W. The methane conversion ris-
es from 25% under oxygen free conditions to a limiting value of approximately 35% 
with oxygen. The hydrogen concentration reaches a maximum at 17% of oxygen in 
the inlet gas. Additional O2 is able to combust methane to carbon monoxide, thus in-
creasing the amount of CO. In contrast, the yield of C2 hydrocarbons drops by add-
ing oxygen. While not in the focus of this work it is worth to note that the total con-
sumed energy is reduced by almost a factor of three by adding oxygen to the inlet 
gas flow. 
In this work we have also analyzed the influence of the plasma power and of different 
concentrations of methane and carbon dioxide on the product distribution at a fixed 
amount of oxygen (17%). The yield and the conversion of nearly all products are in-
creased by changing the power to higher values. Only the concentrations of metha-
nol and formaldehyde decrease under these conditions, with the latter approaching a 
lower limiting value. The concentrations of methanol, hydrogen and ethane rise with 
increasing concentrations of methane in the inlet gas, while carbon dioxide rich inlet 
gas increase the amount of produced CO.  
It is possible to  adjust the composition of the generated synthesis gas such that it 
can either be used for hydroformylation (H2:CO=1) or for Fischer Tropsch synthesis 
of alkenes (H2:CO=2) by changing the amount of oxygen, methane and carbon dio-
xide in the inlet gas mixture and by controlling the plasma power.  
The influence of water on the plasma assisted conversion of methane and carbon 
dioxide has been analyzed in a previous publication [27]. The H2:CO ratio can be 
controlled by adding water to the inlet gas mixture. The ratio increases upon addition 
of water. The product gas composition in biogas conversion depends on the experi-
mental conditions. Since the starting material for the conversion of CH4 and CO origi-
nating from different regenerative sources (biogas, landfill, or sewage plants) has 
variable compositions, a required product ratio (H2:CO) is adjustable by adding water 
or oxygen to mixtures of methane and carbon dioxide.  
In addition, it is shown, that an oxygen free apparatus is not necessary for this DBD 
reactor, thus facilitating its use in every day applications. 
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11 Conclusion 
The research work presented in this thesis focuses on the conversion of biogas mix-
tures in a dielectric barrier discharge (DBD) reactor at atmospheric pressure. The gas 
mixture was diluted with helium to improve the ignition behavior of the starting ma-
terial. The yield and the distribution of C2 hydrocarbons products and the influence of 
reactant additives such as water and oxygen are in the main focus of this work. In 
addition, the conversion efficiency, the selectivity and the total consumed energy 
were determined. The analysis of the starting material and the products was proper 
used in a Fourier transform infrared spectrometer (FTIR) supported by long path cell 
and in a quadrupole mass spectrometer.  
Numerous products are generated during the plasma assisted biogas conversion. 
Seven important products were analyzed quantitatively. The main products are the 
synthesis gas components (hydrogen and carbon monoxide) and ethane. Ethene, 
ethine, formaldehyde and methanol are generated in lower concentrations. 
The results of the three research aspects (C2 hydrocarbons as products, water and 
oxygen as an additive) are described in detail in section 8 to 10.  
In summary, the composition of the starting material, the plasma power and the ve-
locity of the gas stream were altered to study the conversion of methane and carbon 
dioxide to C2 hydrocarbons with ethane being the main C2 hydrocarbon. A low veloc-
ity of the gas stream (200 sccm) and a methane rich composition of the inlet flow 
(2.5% methane and 97.5% helium) yield the highest concentrations of ethane, ethene 
and ethine in the used DBD reactor. Consequently, all subsequent experiments were 
carried out at a low volume stream of 200 sccm.  
Below, the results of the studies with water and oxygen as additives are summarized 
together. Experiments were performed at different amount fractions of methane, car-
bon dioxide and additives and at different plasma power. Both additives increase the 
yield of methanol and formaldehyde. With respect to synthesis gas composition, the 
exact ratio of the amount of hydrogen to the amount of carbon monoxide 
(n(H2):n(CO)) is very important for industrial applications. Synthesis gas compositions 
can be adjusted by suitable adding water or oxygen to the starting material. General-
ly, it decreases after adding oxygen and increases with additional water. On the con-
trary, the effect of the two additives on the C2 hydrocarbons is very low. The overall 
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conversion efficiency increases for methane and decreases for carbon dioxide after 
adding the extra substances. 
To sum up, additional water and oxygen is another possibility to change the yield of 
the products and the conversion of the starting material beside the plasma power, the 
flow rate and the composition of the inlet flow. Carefully adjustment of the starting 
material with respect to the addition of water and/or oxygen allows one to manipulate 
the product yield and the product composition in a wide range. As an example, the 
synthesis gas yield is improved after adding water. Another example, the generated 
synthesis gas is the starting material for many organic syntheses like the Fischer 
Tropsch Synthesis or the hydroformylation. All in all, controlling starting material 
composition with or without carefully chosen additives is a powerful tool for optimizing 
the conversion process and tailing it to one’s needs. 
However, therefore aspects of the presented requirements can enter industrial appli-
cations, two main issues needed to be addressed which have remained unresolved. 
First, total energy needs to be further decreased in order for the method to be com-
petitive. Second, the need for helium to improve the ignition behavior of the sample is 
impractical in industrial environments. Further research would therefore primarily fo-
cus on those two issues.   
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